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ABSTRACT 
A STATEWIDE ASSESSMENT OF DRIVERS INFLUENCING BIOTIC INTEGRITY 
IN PERENNIAL, WADEABLE PRAIRIE STREAMS OF SOUTH DAKOTA 
LYNTAUSHA KUEHL 
2017 
 
Biological assessments are used to evaluate the biotic integrity of a system. Great 
Plains prairie streams are harsh environments due to variable climate, topography, 
vegetation, and human development. This presents a challenge to water resource 
managers who must detect impairment and determine causation. The objectives of this 
study were: 1) to develop a macroinvertebrate Index of Biotic Integrity (IBI) for the 
Northwestern Great Plains (NWGP) and compare it to an existing Northern Glaciated 
Plains (NGP) IBI, and 2) to identify and evaluate statewide abiotic drivers of biotic 
integrity. The IBIs were hypothesized to differ regionally, as were abiotic drivers 
explaining their variation. Physical, chemical, and biological data were collected at 65 
perennial, wadeable stream sites in the NWGP. Biological metrics were calculated and 
then optimized using six statistical screening tests. Random forest modeling, cluster 
analysis, and nonmetric multidimensional scaling (NMDS) were employed to evaluate 
abiotic drivers. Final IBI metrics in the NWGP were family richness, richness of non-
Insecta, richness of collector-filterers, and richness of Plecoptera, Odonata, 
Ephemeroptera, and Trichoptera. IBI scores ranged between 3 and 93 (x̅ = 37) and 
successfully differentiated between least impaired and most impaired sites (Kruskal-
Wallis ANOVA p < 0.01). All metrics comprising the NWGP and NGP IBIs differed. 
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The NWGP IBI yielded a similar range of scores to the NGP IBI (range: 24 to 100, x̅ = 
58). No significant differences were found in IBI scores among level IV ecoregions of 
either the NWGP or NGP. Random forests identified local physical and chemical drivers 
of biotic integrity and watershed-scale drivers of in-stream abiotic conditions. Major 
drivers of IBI scores included salinity, specific conductance, fine and gravel substrates, 
total riffle length, and stream discharge (46% of variation explained). Each component 
IBI metric was related to a unique combination of drivers (17 to 56% of variation 
explained). Ecoregion (level III and level IV) and river basin variables generally 
improved model performance for local abiotic drivers (x̅ = 9% increase in variation 
explained). Cluster analysis groupings largely separated NGP and NWGP streams, while 
NMDS ordinated groups along a land use gradient differentiating level III ecoregions. 
Human use, pasture and hay, and nitrogen loading were more positively associated with 
NGP groups, while total and riparian herbaceous cover and turbidity were more 
positively correlated with NWGP groups. This study developed the first South Dakota 
ecoregion-wide IBI west of the Missouri River, and greatly expanded geographic 
coverage and use of the IBI in making impairment decisions. These results can also be 
incorporated in causal analysis of impairment. 
 
 
 
 
 
 
1 
 
 
CHAPTER 1: INTRODUCTION 
The Importance of Bioassessments 
 Anthropogenic impacts have contributed to a global decline in freshwater 
biodiversity and biotic integrity. Water withdrawals, construction of large dams, fisheries, 
nutrient runoff, and alien species, among other human pressures, have resulted in the 
extinction or imperilment of an estimated 10,000 to 20,000 freshwater species (Strayer 
and Dudgeon 2010). In the conterminous United States, approximately 46% of assessed 
stream and river miles were found to be in poor biological condition (USEPA 2016). Of 
the assessed stream and river miles in South Dakota, about 79% do not currently support 
all assigned beneficial uses (SDDENR 2016). 
Bioassessments are important to determine the biological condition of a system, 
and are used increasingly around the world (Hawkins et al. 2000). In the United States, 
state agencies use biological assemblages, such as benthic macroinvertebrates, to evaluate 
biotic integrity and detect impairment (USEPA 2016). However, bioassessments are most 
effective when the causes of impairment can be identified and differentiated from each 
other (Fabricious and De’ath 2004, Doledec et al. 2006, Doledec and Statzner 2010). 
Separation of natural physical and chemical variation from anthropogenic impairment is 
also important to prevent confounding the effects of a stressor on a system (Allan 2004, 
Vander Laan et al. 2013). Management and mitigation efforts can then be most 
effectively employed. 
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The North American Great Plains 
 The Great Plains region of North America lies between the mountainous regions 
of the west and the forested regions of the east. It is a largely flat area of rolling 
grassland, sparsely populated, and a major agricultural center of the United States. The 
northeastern and far northern parts of this ecoregion were covered by the Wisconsin 
glaciation event, resulting in deeper and richer soils, pothole wetlands, and a large 
amount of arable land (Taylor, J.L. et al. 2015). Western portions are largely semiarid 
grassland steppe more suitable for rangeland. In the southeast, shrubland and forested 
areas have encroached on former prairie, owing to changes in historical land use patterns 
and fire regimes (Taylor, J.L. et al. 2015). 
Precipitation tends to display an east-west gradient, while temperature follows a 
north-south gradient (Ojima et al. 2012, Basara et al. 2013). The Northwestern Great 
Plains (NWGP) ecoregion displays erratic precipitation ranging between 250 and 510 
millimeters (Taylor, J.L. et al. 2015), while the Northern Glaciated Plains (NGP) 
ecoregion to the east receives approximately 510 to 610 millimeters of precipitation 
annually (Taylor, J.L. et al. 2015). Geologically, the Great Plains were dominated by a 
Late Cretaceous sea floor, followed by deposition of eroded materials from the 
mountainous uplift to the west (Trimble 1980). Areas affected by glaciation display a 
thick layer of deposited rock debris, as well as a lower variety of landforms that are little 
affected by stream action. Unglaciated portions exhibit a wide variety of landforms, 
shallower soils, and greater impact of streams and rivers on the landscape (Trimble 
1980). 
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The Great Plains are recognized for being environmentally harsh, and no system 
exemplifies this like prairie streams. Prairie streams are among the most endangered 
ecosystems of North America (Matthews 1988, Sampson and Knopf 1994, Dodds et al. 
2004). Precipitation and temperature patterns exhibit strong seasonality and variability in 
magnitude or duration (Ojima et al. 2012). This in turn results in highly fluctuating 
hydrologic patterns. Flow regimes vary spatially and temporally, with both flooding and 
drying events occurring with relatively high frequency (Matthews 1988, Dodds et al. 
2004, Ojima et al. 2012). Prairie streams can also differ widely in terms of turbidity or 
dissolved solid concentrations over short distances along and between streams, depending 
on land use, discharge, and geology (Matthews 1988, Phillips et al. 2016). These physical 
and chemical characteristics limit the abundance, composition, structure, and life history 
characteristics of biotic communities (Matthews 1988, Dodds et al. 2004, Leigh and 
Datry 2016). 
Row-crop cultivation and grassland/rangeland account for the vast majority of the 
land use/land cover in the region (Taylor, J.L. et al. 2015). The effects of such 
agricultural activities on aquatic systems are well described, and include sedimentation, 
nutrient enrichment, hydrologic alteration, channel modifications, and riparian clearing 
among others (Allan 2004, Dodds et al. 2004, Broussard and Turner 2009, Johnson et al. 
2009, Lenhart et al. 2011, Tanaka et al. 2016). Row crop cultivation, particularly in 
conjunction with fertilizer application and tile drainage, has resulted in increased surface 
and subsurface runoff of sediment and nutrients into streams. This in turn has led to an 
increase in nitrogen, phosphorus, and suspended sediment concentrations (Broussard and 
Turner 2009, Lenhart et al. 2011). Cattle grazing around streams can also increase 
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suspended sediment and nutrient concentrations, produce greater amounts of bare ground 
in the riparian zone, and alter channel geometry by making channels shallower and wider 
(Vidon et al. 2008, Raymond and Vondracek 2011, Grudzinski 2014). Both pasture and 
cropland have been linked with global losses of terrestrial and aquatic biodiversity (Foley 
et al. 2005, Newbold et al. 2015). The stream alterations resulting from these agricultural 
land uses can have important repercussions for stream biota. Species and trait 
composition have been related to nutrient concentrations, suspended sediments, substrate, 
hydrologic regimes, riparian vegetation, and land use (Lammert and Allan 1999, Allan 
2004, Doledec et al. 2006, Pease et al. 2015, Villeneuve et al. 2015, Phillips et al. 2016, 
Tanaka et al. 2016). These effects may be seen as management legacies even decades 
later (Quist and Schultz 2014). 
For water resource managers in the Great Plains, quantifying and accounting for 
the natural and anthropogenic induced variability of their systems are part of the 
challenge they face. Biota of these streams are poorly described and prairie streams as a 
whole are less studied than forested streams (Matthews 1988, Mullen et al. 2011). 
Management decisions should be made on a sound understanding of factors affecting 
water quality, and the responses of biotic and abiotic components to the types and 
magnitudes of pressures experienced (Roberts et al. 2016). To gain this understanding, 
managers conduct ecological or biological assessments of their systems. The purpose of 
these assessments is to determine the current biological condition of the water body, 
usually relative to a benchmark or reference condition, as well as to evaluate the response 
of its condition to environmental stressors and monitor ecosystem dynamics spatially and 
temporally (Hawkins et al. 2010, Quist and Schultz 2014). 
5 
 
 
One management tool used in biological assessments is the index of biotic 
integrity (IBI), which was first proposed by James Karr (Karr 1981). An IBI is intended 
to take multiple attributes or metrics of the assemblage of interest and incorporate this 
information into a single, understandable value to score the condition of the system (Karr 
1991, Barbour and Yoder 2000, Krause et al. 2013). Originally described for fish in 
Illinois and Indiana, the IBI has since been expanded taxonomically and geographically 
(Meador et al. 2008, Beck et al. 2010, Weigel and Dimick 2011, Wilson and Bayley 
2012, Paller et al. 2017). One early expansion was the development of an IBI for benthic 
macroinvertebrates (Kerans and Karr 1994). Benthic macroinvertebrates are excellent 
indicators of local conditions because they are less mobile as juveniles, display an 
extensive variety of tolerance to physical and chemical pressures, and may also quickly 
react to disturbances because of their short generation times and life spans (Quist and 
Schultz 2014). These organisms are also the most commonly used biological indicators 
by state agencies (USEPA 2016). 
The original IBI considered twelve assemblage attributes to generate a score. 
More recent innovations, notably of Whittier et al. (2007), have allowed managers and 
researchers to refine IBI metrics for a specific region by running them through a series of 
statistical screening tests to identify those best able to distinguish regional impairments. 
In the Great Plains, IBIs have been widely generated and used, primarily for fish, in 
Montana (Bramblett et al. 2005), North Dakota (Larsen 2013), Minnesota (MPCA 2014), 
Texas (Linam et al. 2002), Nebraska (Bazata 2011), Kansas (Liechti 2007), Iowa (Wilton 
2004), and South Dakota (Bertrand and Troelstrup 2013, Kafle 2013, Krause et al. 2013). 
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Biotic Integrity in South Dakota 
 This study focuses on benthic macroinvertebrate assemblages in perennial, 
wadeable streams in the Northwestern Great Plains and the Northern Glaciated Plains 
level III ecoregions of South Dakota (Omernik 1987, Omernik and Griffith 2014). The 
Northwestern Great Plains (NWGP) covers approximately 48% of the state, is located 
west of the Missouri River, and is described as a semiarid rolling plain with no recent 
history of glacial activity (Taylor, J.L. et al. 2015). Soils are generally shallow and clayey 
in texture, with a few buttes and badlands, and precipitation is erratic. As of 2015, 74% of 
the land use in the NWGP was grassland/pasture, 10% crop agriculture, 2% developed, 
and 2% open water (USDA 2015). The Northern Glaciated Plains (NGP) covers about 
33% of the state, is located east of the Missouri River, and has a primarily sub-humid 
climate (Taylor, J.L. et al. 2015). The NGP was covered by the Wisconsin glaciation 
event; the resulting deep soils and sufficient precipitation support extensive cultivated 
agriculture. As of 2015, the NGP land use was 60% cropland, 25% grassland/pasture, 5% 
developed, and 5% open water (USDA 2015). 
Streams in these ecoregions display extremes in hydrology typical of other Great 
Plains streams. About 90% of the 98,009 stream and river miles in the state are listed as 
intermittent, and only 9.9% are listed as perennial (SDDENR 2016). Total suspended 
solids (TSS) is a major stressor for South Dakota streams, in part due to agricultural crop 
production and livestock feeding and grazing, and in part due to natural sources from 
highly erosive soils (SDDENR 2016). The latter is especially true in western South 
Dakota, where the Cheyenne, Grand, Moreau, and White Rivers drain or cross badlands 
and erodible shale soils. Site specific criteria for TSS have been developed for parts of 
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the White River, which is unable to meet the state’s water quality criteria due to 
significant natural sediment loading. In eastern South Dakota, major impairments include 
TSS and bacteria, which are more attributed to organic loading and active agriculture 
(SDDENR 2016).  
South Dakota streams are assessed by the South Dakota Department of 
Environment and Natural Resources (SD DENR) through water quality criteria necessary 
to protect eleven beneficial uses assigned to surface waters in the state. These eleven uses 
protect surface water quality and support the State’s narrative biocriteria for biological 
integrity of waters: “All waters of the state must be free from substances, whether 
attributable to human-induced point source discharges or nonpoint source activities, in 
concentrations or combinations which will adversely impact the structure and function of 
indigenous or intentionally introduced aquatic communities” (ARSD 1993). 
Approximately 79% of assessed stream and river miles are not currently supporting all 
assigned beneficial uses (SDDENR 2016). The beneficial uses most often not supported 
are limited contact recreation (54% of assessed miles), warmwater marginal fish life 
propagation (31%), and irrigation waters (21%). Chemical water quality criteria resulting 
in non-support of beneficial uses in South Dakota include total suspended solids (35% of 
assessed miles), salinity (16%), dissolved oxygen (9%), specific conductance (7%), total 
dissolved solids (4%), temperature (3%), and pH (0.5%; SDDENR 2016). The SD DENR 
has identified sources of these stressors, and the three most common are livestock grazing 
or feeding (32% of assessed miles), natural sources (19%), and agricultural crop 
production (15%). 
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 Biologically, South Dakota has a rich history of IBI development, covering a 
variety of water body types and biological assemblages. In 2001, an index of biotic 
integrity was generated for Bachelor Creek in Moody County, South Dakota, to compare 
optimization methods and determine the best assemblage metrics for assessing biological 
integrity in similar streams in the ecoregion (Larson and Troelstrup 2001). Three years 
later, three biological assemblages (periphyton, macrophytes, and macroinvertebrates) 
were evaluated in prairie pothole lakes of eastern South Dakota to determine optimal 
metrics for each assemblage and integrate them into a combined multimetric index as a 
precursor to an IBI (Gronke 2004). In 2006, optimized macroinvertebrate metrics and 
IBIs were generated for intermittent prairie streams and lake outlets of eastern South 
Dakota (Lorenzen 2006). By 2010, a study on the macroinvertebrate assemblages of 
intermittent prairie streams within the Northern Glaciated Plains was completed. As part 
of the completion report for that project, the Whittier et al. (2007) was applied for the 
first time in South Dakota to develop the first ecoregional IBI for the state (Troelstrup 
2010). As of 2013, indices of biotic integrity had been generated for both 
macroinvertebrate and fish assemblages in perennial, wadeable streams of the Northern 
Glaciated Plains ecoregion of South Dakota (Bertrand and Troelstrup 2013, Kafle 2013, 
Krause 2013, Krause et al. 2013). These IBIs were provided to SD DENR, and have been 
in use by the state in their assessment efforts (SDDENR 2016). In addition, an IBI based 
solely on the midge family Chironomidae (Insecta: Diptera) was generated for the same 
NGP streams (Kafle 2013, Kafle et al. 2013). 
 Despite the history of IBI generation and use in the state, it cannot simply be 
assumed that these IBIs are applicable statewide. Biological monitoring and assessment 
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can benefit from the application of an ecological regionalization approach, wherein 
standard methods are tested and modified to account for regional differences (Barbour et 
al. 1999). In addition, SD DENR has a stated interest in only applying biological and 
habitat assessment tools to the region and waterbody type for which they were developed 
(SDDENR 2016). Therefore, this constraint limits the existing area of application to 
approximately the eastern third of the state, and there is a need for the development of 
additional tools to make statewide biological assessments possible. The South Dakota 
DENR also has a long-term goal of generating linkages between stressors and responses 
(SDDENR 2016). A statewide assessment of major drivers of biological integrity in 
perennial, wadeable streams as well as potential regional effects would, therefore, 
provide valuable insight. 
 
Objectives 
 This project seeks to fill some of the biological assessment needs of the South 
Dakota DENR, in addition to furthering knowledge of lotic macroinvertebrate 
assemblages of the Great Plains. The primary objectives of this project were 1) to 
develop an optimized macroinvertebrate IBI for perennial, wadeable streams of the 
NWGP ecoregion of South Dakota using the same methodology as in the NGP, 2) to 
evaluate ecoregion differences in IBI metrics and scores, 3) to determine which drivers 
explain the most variation in biological assemblages across the State using a form of 
classification and regression tree (CART) analysis, and 4) to evaluate regional differences 
in these drivers. 
10 
 
 
 It was hypothesized that, given the expected abiotic differences between the two 
regions of this study, the IBIs generated for each ecoregion would significantly differ 
from each other (e.g. in more than half of the optimized metrics). It was also 
hypothesized that the biotic-abiotic linkages would subsequently also differ regionally. In 
consideration of the differences in climate and land use between the two ecoregions, I 
believed that abiotic drivers relating to cultivation would be the most important in the 
NGP, while drivers representing pasture land or soil erosion would be most influential in 
the NWGP. 
The first two objectives are addressed in the following chapter, while the 
remaining objectives are addressed in Chapter 3. 
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CHAPTER 2: A REGIONAL COMPARISON OF TWO INDICES OF BIOTIC 
INTEGRITY FOR TWO LEVEL III ECOREGIONS IN SOUTH DAKOTA 
This manuscript is being prepared for submission to the journal Ecological Indicators 
and was co-authored by Nels H. Troelstrup, Jr., Chad Kaiser, and Katie N. Bertrand 
Department of Natural Resource Management, South Dakota State University 
Brookings, SD, USA 57006 
 
Abstract 
 Anthropogenic land use strongly impacts global biotic integrity. Approximately 
46% of assessed streams and rivers in the United States exhibit poor biological condition. 
In South Dakota, 79% of assessed streams and rivers are currently impaired. Indices of 
biotic integrity (IBI) are useful assessment tools to evaluate biological condition. 
However, regional development of these indices is important to best capture local 
condition. A macroinvertebrate IBI (M-IBI) has already been developed for perennial, 
wadeable streams in the Northern Glaciated Plains (NGP) ecoregion in eastern South 
Dakota, but not for any other ecoregion in the state. The specific objectives of this study 
were to develop an optimized macroinvertebrate IBI for perennial, wadeable streams of 
the NWGP, evaluate for differences in IBI scores among level IV ecoregions in the 
NWGP, and draw comparisons between the NWGP IBI and the existing NGP IBI. 
Macroinvertebrates were sampled from 65 wadeable streams throughout the NWGP in 
2014 and 2015. Metrics of assemblage structure (n = 103) were calculated with corrected 
counts of genera and evaluated by examining value ranges, signal-to-noise ratios, 
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correlations with natural gradients, discrimination between good and poor sites, 
redundancy, and a final range of values. The NWGP IBI contained four metrics: richness 
of collector-filterers, richness of non-Insecta, family richness, and richness of Plecoptera, 
Odonata, Ephemeroptera, and Trichoptera (IBI range = 3 to 93, x̅ = 37). The NWGP IBI 
successfully differentiated streams of good and poor condition. Metric optimization in 
both ecoregions eliminated similar percentages of metrics across all screening tests. 
NWGP IBI metrics did not overlap at all with the NGP IBI, which also contained four 
metrics: percent abundance of insects, percent abundance of climbers, Hilsenhoff Biotic 
Index, and Trichoptera richness (IBI range = 24 to 100, x̅ = 58). No significant 
differences in IBI scores were found among level IV ecoregions in either the NGP or 
NWGP. This study supports bioassessment regionalization and the use of level III 
ecoregions as separate management units. The NGP IBI is already in use by the South 
Dakota Department of Environment and Natural Resources; the NWGP IBI will be 
similarly adopted. 
 
Keywords: South Dakota, index of biotic integrity, macroinvertebrates, ecoregions 
 
Introduction 
 Biological integrity is strongly impacted by human land use. Anthropogenic 
conversion and degradation of habitat has contributed to a global decline in terrestrial 
biodiversity (Newbold et al. 2015), and this decline is even more severe in freshwater 
systems (Dudgeon et al. 2006). In the United States, a national assessment of streams and 
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rivers found 46% of assessed miles are in poor biological condition (USEPA 2016). In 
the temperate and northern plains respectively, biological condition is poor in 46% and 
34% of stream and river miles. Stressors in these regions include increased 
sedimentation, riparian disturbance, phosphorus, nitrogen, and salinity (USEPA 2016). In 
South Dakota, beneficial use attainment is used to assess streams in fulfillment of Clean 
Water Act requirements. Approximately 79% of assessed stream and river miles are 
currently not supporting all assigned beneficial uses (SDDENR 2016). Major causes of 
non-support include suspended solids, E. coli, fecal coliforms, and salinity, which have 
been linked to livestock grazing and feeding, natural sources, and agricultural crop 
production (SDDENR 2016). 
 Bioassessments are increasingly used in the United States and abroad to 
determine the biological condition of a system (Hawkins et al. 2000). Most often, state 
agencies use benthic macroinvertebrates as biological indicators of stream condition in 
bioassessments (USEPA 2016). Benthic macroinvertebrates are good indicators of local 
stream conditions due to low juvenile mobility, a large range of tolerances to physical 
and chemical stressors, short generation times and life spans, and a diversity of functional 
and habit traits (Quist and Schultz 2014). South Dakota state water resource managers 
have a stated interest in the development of regionally-defined bioassessment tools, such 
as indices of biotic integrity, for macroinvertebrate and fish assemblages across the state 
in addition to existing narrative criteria (SDDENR 2016). 
 The index of biotic integrity (IBI) was first proposed by James Karr (Karr 1981, 
Karr et al. 1986), who outlined a 12-metric IBI for stream fish assemblages of the 
Midwest. This technique uses multiple assemblage metrics to “integrate information from 
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individual, population, community, zoogeographic, and ecosystem levels into a single 
ecologically based index of the quality of a water resource” (Karr et al. 1986). Ever since, 
the IBI as a tool has been developed across many countries and taxonomic groups 
(Griffith et al. 2005, Lunde and Resh 2012, Raburu and Masese 2012, Wu et al. 2012,  
Stapinian et al. 2013, Paller et al. 2017), and has widely been adopted by water resource 
management agencies across the United States and Europe (Ruaro and Gubiani 2013). 
More recent developments, notably of Whittier et al. (2007), have allowed managers and 
researchers to use statistical screening to refine IBI metrics for a specific region and 
identify metrics that best detect anthropogenic impacts. Common screening procedures 
evaluate a metric’s relationship with natural gradients, redundancy with other metrics, 
and ability to distinguish impaired and unimpaired sites (Klemm et al. 2003, Moore 2010, 
Weigel and Dimick 2011). 
 The concept of a region in monitoring and assessment programs is an important 
one (Van Sickle and Hughes 2000). The scale of regionalization can have significant 
implications for water resource managers, who operate with increasingly limited 
resources to conduct monitoring and bioassessments (Barbour et al. 1999, OECD 2005, 
Hughes and Peck 2008). Most geographic classification systems for assessment programs 
use ecoregions, large catchments, or hydrologic units (Hawkins et al. 2000, Stoddard 
2005). No metric should be assumed to be a part of a regional index unless it is 
thoroughly evaluated and validated within that region (Karr and Chu 1999). 
In South Dakota, assessment of biotic integrity has been steadily growing through 
a series of studies developing tools to detect impairment in the state’s waters. The process 
started in the 1990s when optimized macroinvertebrate metrics were developed for the 
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Bachelor Creek watershed in Moody County, South Dakota (Larson and Troelstrup 
2001). In another study, macroinvertebrate assemblages were evaluated and metrics 
optimized from fourteen lakes in the Northern Glaciated Plains (NGP) and Northwestern 
Glaciated Plains (NWGLP) ecoregions of South Dakota. The two ecoregions differed 
enough that a list of metrics was developed for each (Braskamp 2002). Gronke (2004) 
generated lists of optimized metrics for macroinvertebrate, periphyton, and macrophyte 
individual and combined assemblages in seven lakes in the NGP. Lorenzen (2006) 
developed optimized metrics for macroinvertebrates of 28 intermittent prairie streams and 
lake outlets in the NGP. A fifth study generated an index of biotic integrity for 
intermittent, headwater streams of the NGP; this was the first study to use an ecoregion-
wide approach and the Whittier et al. (2007) metric optimization method (Troelstrup 
2010). The most recent project developed macroinvertebrate and fish IBIs for perennial, 
wadeable streams and rivers in the NGP ecoregion of South Dakota (Bertrand and 
Troelstrup 2013). This latest effort has been incorporated by the South Dakota 
Department of Environment and Natural Resources in its biannual assessments of State 
water quality (SDDENR 2016). However, the NGP project and its predecessors focused 
on eastern South Dakota. No ecoregion-wide IBI development had been done in the 
State’s remaining ecoregions, such as the Northwestern Great Plains (NWGP). For water 
resource managers, it is important for bioassessment tools to provide statewide coverage, 
and to know the spatial scale at which these tools should be applied. 
The specific objectives of this study were to 1) develop an optimized 
macroinvertebrate IBI for perennial, wadeable streams of the NWGP level III ecoregion 
of South Dakota, 2) evaluate for differences in IBI scores among level IV ecoregions in 
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the NWGP, and 3) draw comparisons between the NWGP IBI and the existing NGP IBI 
in terms of metric optimization, component metrics, and differences among level IV 
ecoregions. Abiotic differences were expected between and within the two ecoregions of 
this study; therefore, it was hypothesized that the two IBIs would demonstrate similar 
numbers or types of metrics eliminated at each step of the metric optimization process, 
differ in more than half of the component IBI metrics, and that at least one level IV 
ecoregion in the NWGP or NGP would show a statistically significant difference in IBI 
scores. 
 
Study Area 
 The region of interest for this project was the Northwestern Great Plains (NWGP) 
level III ecoregion (Omernik 1987, Omernik and Griffth 2014), which covers 
approximately 80% of the area west of the Missouri River and 48% of the state (Figure 2-
1). This ecoregion is described as a semiarid rolling plain not affected by the Wisconsin 
glaciation (Taylor, J.L. et al. 2015). Soils are generally shallow and clayey in texture, 
with a few buttes and badlands. Precipitation is erratic, totaling 250 to 510 millimeters 
annually. Land use is primarily cattle and sheep livestock grazing, as poor soils and 
limited moisture restrict crop agriculture (Taylor, J.L. et al. 2015). As of 2015, 
approximately 74% of the land use in the NWGP was grassland/pasture, 10% crop 
agriculture, 2% developed, and 2% open water (USDA 2015). Eight level IV ecoregions 
within the NWGP were included in this study. 
This study also incorporated data generated from the previous effort to developed 
macroinvertebrate and fish IBIs for the Northern Glaciated Plains level III ecoregion 
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(NGP; Bertrand and Troelstrup 2013). The NGP covers about 60% of the drainage area 
east of the Missouri River and 33% of the state. Together, the NGP and NWGP 
encompass approximately 80% of the state’s surface area. The climate is primarily sub-
humid, with annual precipitation ranging between 510 and 610 millimeters (Taylor, J.L. 
et al. 2015). The NGP has been recently glaciated (less than 25,000 years ago), which 
resulted in deep soils, numerous wetland depressions, and areas of rock and gravel 
deposits. The deep soils and sufficient precipitation support extensive agriculture, and 
grain and cattle production are the primary land uses (Taylor, J.L. et al. 2015). As of 
2015, the NGP land use was 60% cropland, 25% grassland/pasture, 5% developed, and 
5% open water (USDA 2015). Six level IV ecoregions within the NGP were included in 
this study. 
 
Methods 
 Site Selection 
 NWGP sites were selected using a stratified random sampling method. Sixty sites 
were allocated proportionally to eight level IV ecoregions in this study based on the 
percentage of total NWGP perennial, wadeable stream kilometers contained in each 
ecoregion, with a minimum of three sites allocated to each ecoregion. Sites were chosen 
randomly from all perennial, wadeable stream segments in the NWGP as defined in the 
National Hydrography Dataset (USGS 2013). Candidate sampling sites were visually 
assessed in 2013 to validate inclusion in the study. A site could not be immediately 
downstream of a dam, confluence, road crossing, or lake or impoundment, must be 
flowing and have a water depth not above bankfull, and must be a perennial, wadeable 
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stream (USGS 2013). Sites were sampled once in 2014 and once in 2015; one additional 
site was sampled in 2014, and four sites needed to be replaced between years due to high 
discharge or loss of landowner permission preventing resampling. This resulted in 121 
sampling events across 65 sites. 
 
 Field Data Collection 
 Regional Environmental Monitoring and Assessment Program (REMAP) 
protocols were utilized for both projects (Peck et al. 2001). The sampling reach of each 
site was established as 30 times preliminary mean stream width (PMSW), which was the 
average of ten equally spaced wetted width measurements. Eleven equally spaced 
transects were established for data collection within each reach. A subsample of benthic 
macroinvertebrates were collected at each transect using a standard 500 μm mesh D-
frame net. Each subsample was collected at either in the left, center, or right third of each 
transect in a zigzag pattern; the location of the first subsample was selected randomly. An 
area of substrate one net-width square was disturbed by foot in front of the net for one 
minute to collect each subsample. All eleven subsamples were combined into a single 
composite sample that was washed to remove fine sediments and preserved in 95% 
ethanol. 
 
 Laboratory Sample Processing 
Benthic macroinvertebrate samples were processed according to Wadeable 
Stream Assessment Benthic Laboratory Methods (USEPA 2004a). Each sample was 
washed to remove remaining fine sediments and homogenize sample materials, then 
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placed in a 15-grid tray before being randomly subsampled. Subsamples were sorted 
beneath a dissecting scope to remove a minimum of 300 individuals or all individuals 
found in a maximum of fifteen subsamples. Standardized quality assurance/quality 
control (QA/QC) methods were applied. Each subsample sorted was checked by QA/QC 
certified personnel until a minimum of five consecutive subsamples achieved 90% or 
greater sorting efficiency; the sorter was then considered QA/QC certified and a random 
check of 10% of subsamples was maintained thereafter. Sorted individuals were 
identified to the appropriate taxonomic level for monitoring (USEPA 2004a). Under these 
guidelines most taxa were identified to genus. However, Oligochaetes and families 
without available keys to genus (Muscidae, Scathophagidae, Dolichopodidae, 
Curculionidae, Chrysomelidae, Staphylinidae, and Heteroceridae) were identified to the 
family level, while Nematoda were left at phylum. Identification keys used were Merritt 
et al. (2008) for insects, Anderson et al. (2013) for Chironomidae, C.A. Taylor et al. 
(2015) for Decapoda, Kathman and Brinkhurst (1999) for Oligochaeta, and Thorp and 
Covich (2010) and Smith (2001) for other non-insects. 
 
 Metric Calculation and Optimization 
 One hundred three macroinvertebrate assemblage metrics were calculated for 
NWGP streams (see Appendix 2-1 for full listing). These metrics fell into five categories: 
abundance/composition, richness/diversity, feeding guilds, habit guilds, and tolerance. 
Ninety metrics were drawn from those calculated for the NGP IBI project (Bertrand and 
Troelstrup 2013), while 13 new metrics common across several other IBIs in the United 
States were added (Kerans and Karr 1994, Smith and Voshell 1997, Chirhart 2003, 
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Klemm et al. 2003, Carter and Resh 2013). In particular, metrics were adopted from the 
recent Minnesota Pollution Control Agency’s macroinvertebrate IBI for low gradient 
streams if they were not already calculated (MPCA 2014). 
Tolerance values, functional feeding groups, and habit guilds for each taxa were 
taken from Merritt et al. (2008) and Barbour et al. (1999). For taxa with one or more 
traits not listed in these sources, additional information was drawn from Thorp and 
Covich (2010). Inclusion of a taxonomic unit in the calculation of a metric depended on 
the metric. Any metric calculating relative abundance of a taxa, habit guild, or other trait 
included individuals not identified to the genus level. Richness metrics were limited 
strictly to those taxonomic units identified to genus. Total richness and number of 
families were the only exceptions; total richness included any unique taxonomic unit. 
Taxa lacking a designation for the trait of interest, such as habit guild or tolerance value, 
were excluded from calculation of the associated metrics. 
The list of metrics was reduced and optimized using a series of six statistical tests 
and corrections as drawn from Whittier et al. (2007). The first step is this process was a 
range test for metric values, wherein all candidate metrics were evaluated for the range 
and distribution of their values. Richness metrics with maximum values less than four 
were eliminated, and any metric with over 75% of values identical were also eliminated 
(Whittier et al. 2007). The second test was a signal-to-noise test. In this step, for each 
remaining metric, a one way analysis of variance (ANOVA) was used with the metric as 
the dependent variable and sites as the independent variable. This test evaluates the ratio 
of variation between sites (signal) to variation between visits at the same site (noise; 
Whittier et al. 2007). If the F-statistic from the ANOVA was less than three, the metric 
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values were considered to be very noisy and unable to distinguish very well between 
sites. These metrics were eliminated. 
 Metric relationships with watershed size, as a correlate with discharge, were 
evaluated and a correction applied (Whittier et al. 2007). Metric values for the least 
disturbed sites were linearly regressed against watershed area. A fitted line plot of the 
result was produced with 95% confidence intervals (C.I.). If the C.I. at the ends of the 
plot did not overlap and the regression was statistically significant, a correction 
analogous to the residual was applied to the values of that metric. This correction 
artificially removed the influence of natural gradients from metric values to more readily 
distinguish anthropogenic impacts. If no strong correlation was found, no metric 
adjustments were made. The fourth test was a responsiveness or discrimination test. This 
was designed to evaluate which metrics best distinguished impaired from unimpaired 
sites (Whittier et al. 2007). This was accomplished by using a simple one way ANOVA 
test to determine if the metric could detect a difference between most and least impaired 
sites. Any metric unable to detect a significant difference was eliminated. 
 The final two steps in the optimization process were a redundancy test and a range 
test for metric scores. The redundancy test removed metrics that were contributing 
information already provided by another metric (Whittier et al. 2007). Using values from 
the least impaired sites, Spearman Rank correlations were calculated for all remaining 
metrics. In decreasing order of F-statistic from the discrimination test, each metric was 
evaluated for strong, significant correlations with other metrics where the correlation 
coefficient was greater than 0.7 and the p-value was less than 0.05. For correlated 
metrics, the metric with the highest F-statistic was kept and the others eliminated; this 
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process was repeated until only uncorrelated metrics remained. The final range test 
utilized both least and most impaired site values for the remaining metrics. A boxplot was 
constructed for each metric showing the distribution of values for each site class 
(Whittier et al. 2007). If more than 50% of the data overlapped, the range of metric 
values was too limited, and the metric was eliminated. If not, the metric was kept and 
included in the IBI. 
For some steps of the optimization process, the test was conducted only on least 
impaired or both least and most impaired sites. In the NWGP, these sites were delineated 
using fourteen water quality and habitat variables with known criteria (SDDENR 2016) 
or response to impairment: total suspended solids, total dissolved solids, nitrate 
concentration, sulfate concentration, total phosphorus concentration, specific 
conductance, dissolved oxygen, alkalinity, percent fine substrates, width-to-depth ratio, 
bank angle, percent bank length vegetated, percent canopy cover, and number of riffles in 
the sampling reach. Sites were ranked for each variable with a lower rank indicating 
better condition, and the sum of ranks across all variables was calculated. The five sites 
with the lowest rank sums were considered to be least disturbed, and the five sites with 
the highest rank sums were considered most disturbed. 
 
 Metric and IBI Scoring 
 After finalizing the list of optimized metrics, values for each metric, calculated as 
the average value across the two years of sampling for each site, were converted to scores 
ranging from 0 to 10 (Whittier et al. 2007). For each metric, the 5th and 95th percentiles 
were assigned a score of 0 and 10, respectively, or 10 and 0, if higher values of the metric 
23 
 
 
indicated poorer condition. Values between the percentiles were linearly interpolated 
using the slope and intercept of the line drawn between percentile values (Whittier et al. 
2007). Individual metric scores were summed to give a raw IBI score. Final scores were 
derived by rescaling the raw score to fall within a range of 0 to 100. 
 
 Data Analysis 
 The number and types of metrics eliminated were noted for each step of the 
optimization process, as well as the list of final component metrics for the NWGP IBI. As 
part of the index development, the ability of the NWGP IBI to distinguish between most 
and least impaired sites was evaluated using box and whisker plots and Kruskal-Wallis 
analysis of variance (KW ANOVA). Finally, KW ANOVAs were used to determine if 
there were significant differences in IBI scores among level IV ecoregions in the NWGP. 
These features of the NWGP IBI were compared to those of the previously developed IBI 
from the NGP (see Bertrand and Troelstrup 2013, Kafle et al. 2013). The NGP IBI was 
developed with similar methods of sample collection (Peck et al. 2001), metric 
calculation, and IBI metric optimization and scoring (Whittier et al. 2007). 
 
Results 
 Development of an IBI for the Northwestern Great Plains 
Of the 103 candidate metrics calculated for the NWGP, only four passed all steps 
of the optimization process. The first range test eliminated 16 candidate metrics, 
primarily metrics describing the abundance or richness of Odonata, Hemiptera, 
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Crustacea, Plecoptera, and skating taxa (Table 2-1, Appendix 2-1). The signal-to-noise 
test marked the greatest reduction of metrics in the NWGP, eliminating 65 candidate 
metrics. No metrics were significantly correlated with watershed area; therefore, no 
metrics values required correction. Eleven candidate metrics were unable to significantly 
distinguish between least and most impaired sites and were eliminated in the 
responsiveness test. Seven metrics were removed from consideration by the redundancy 
test. Finally, evaluation of the range of metric scores did not eliminate any metrics. 
After all optimization steps were completed, only four metrics passed all tests to 
be included in the NWGP IBI: family richness, generic richness of non-Insecta taxa, 
generic richness of collector-filterer taxa, and the generic richness of Plecoptera, 
Odonata, Ephemeroptera, and Trichoptera (POET; Table 2-2). These metrics were from 
two categories: richness/diversity and feeding guilds. The richness/diversity metric group 
was represented by family richness, POET richness, and richness of non-Insecta, while 
the feeding guild category was represented by the richness of collector-filterers. Family 
richness ranged between 3 and 23 (x̅ = 12.4), and did not significantly differ by level IV 
ecoregion. POET richness values ranged between 0 and 13.5 (x̅ = 4.1), and displayed a 
significant difference (KW ANOVA p < 0.01) between the Semiarid Pierre Shale Plains 
level IV ecoregion (range: 2 to 13.5, x̅ = 7.4) and both the River Breaks (range: 0 to 5.5, x̅ 
= 2.5) and Subhumid Pierre Shale Plains (range: 0 to 4, x̅ = 2) level IV ecoregions. Non-
Insecta richness ranged between 0 and 9.5 (x̅ = 2.8), while collector-filterer richness 
ranged from 0 to 7 (x̅ = 2.7); neither of these metrics differed significantly among level 
IV ecoregions in the NWGP. All four metrics displayed significantly different values 
between least and most impaired streams (Figure 2-2). 
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Final IBI scores in the NWGP ranged from 3 to 93 (x̅ = 37; Figure 2-3). The 
median score was 36. KW ANOVA results indicated that the NWGP IBI successfully 
distinguished between least and most impaired streams (p < 0.01, Figure 2-4). Least 
impaired demonstrated significantly higher scores (range: 39 to 93, x̅ = 59) than most 
impaired sites (range: 6 to 24, x̅ = 13), as indicated by box and whisker plots. Evaluation 
of IBI scores by level IV ecoregions in the NWGP did not find any statistically 
significant differences (Figure 2-5). 
 
 Comparison of the NWGP and NGP IBIs 
 Each step of the optimization process eliminated similar percentages of metrics in 
the NGP as in the NWGP (Table 2-1, Appendix 2-1). The range test removed 10 metrics, 
and as in the NWGP, metrics describing Odonata, Hemiptera, Crustacea, Plecoptera, and 
skating taxa were removed in this step (Bertrand and Troelstrup 2013). The signal-to-
noise also eliminated the most metrics in the NGP, removing 50 metrics from further 
consideration. No metrics needed correction for correlation with watershed size (Bertrand 
and Troelstrup 2013). After the responsiveness test, 21 NGP metrics were eliminated. 
Removal of redundant metrics eliminated four metrics. Finally, the range test of metric 
scores eliminated one metric (Bertrand and Troelstrup 2013). 
 The four metrics of the NGP IBI included the Hilsenhoff Biotic Index (HBI), 
percent abundance of climbing taxa, percent abundance of Insecta, and generic richness 
of Trichoptera (Bertrand and Troelstrup 2013; Table 2-2). Trichoptera richness represents 
the richness/diversity metric group, HBI is from the tolerance category, percent 
abundance of climbing taxa is a habit guild metric, and percent abundance of Insecta is an 
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abundance/composition metric (Bertrand and Troelstrup 2013). Both IBIs contained 
metrics from the richness/diversity category: family richness, non-Insecta richness, and 
POET richness in the NWGP and Trichoptera richness in the NGP. Although the IBIs 
showed some overlap in metric groups, there was no overlap in component metrics. 
Final IBI scores in the NGP showed a similar range to those of the NWGP IBI. 
Scores ranged between 24 and 100 (x̅ = 58; Bertrand and Troelstrup 2013). The median 
value for the NGP was 52 (Figure 2-3). The NGP IBI also displayed significantly higher 
scores in least impaired versus most impaired streams (Figure 2-4), and was used as a 
control to evaluate the performance of the NWGP IBI. As in the NWGP, no significant 
differences were found in NGP IBI scores among level IV ecoregions (Figure 2-5). 
 
Discussion 
The Northwestern Great Plains Index of Biotic Integrity 
The index of biotic integrity developed for the Northwestern Great Plains in this 
study contained four component metrics: family richness, generic richness of collector-
filterer taxa, generic richness of non-Insecta taxa, and generic richness of Plecoptera, 
Odonata, Ephemeroptera, and Trichoptera (POET). Family richness was calculated as the 
number of unique families found within the sample, and acts as a measure of overall 
diversity within the sample. Increased richness within a sample suggests a suitable 
variety of habitats and food sources exist within the system to support a high diversity of 
macroinvertebrate families (Barbour et al. 1999). Therefore, family richness generally 
decreased with increasing impairment. Collector-filterer taxa feed on fine particulate 
organic matter suspended in the water column or deposited in sediment (Merritt et al. 
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2008), and provided a trait-based indicator of ecological condition (Cummins 2016). In 
general, collector-filterer taxa may respond variably to disturbances that alter food 
availability (Barbour et al. 1999). However, increased siltation can clog invertebrate 
filtering structures (Uwadiae 2010), and carry adsorbed contaminants, such as organic 
pollutants or pesticides, that have been correlated with declines in collector-filterer 
abundance (Hynes 1970, Xu et al. 2014). Data from the NWGP suggests that richness of 
collector-filterers decreases with increasing impairment in that ecoregion. Generic 
richness of non-Insecta was calculated by subtracting the generic richness of Insecta from 
total richness, and includes Oligochaeta, Mollusca, Crustacea, Nematoda, Hirudinea, and 
Acari. In general, these organisms can be tolerant to a wider range of conditions than 
insects, so these groups may increase or react variably to increasing disturbance (Barbour 
et al. 1999). Richness of non-Insecta in the NWGP decreased from least to most disturbed 
sites. Finally, POET richness was calculated as a count of genera within the orders 
Plecoptera, Odonata, Ephemeroptera, and Trichoptera. Plecoptera are mostly found in 
cool, clean habitats, with specific temperature and habitat needs (Merritt et al. 2008). 
Ephemeroptera are generally collector-gatherers or scrapers, and include a range of habit 
guilds. Trichoptera are found in most freshwater habitats and exhibit a wide range of 
functional feeding groups and habit guilds (Merritt et al. 2008). Odonata are almost 
entirely predaceous, and largely burrowers, climbers, or sprawlers. These orders show a 
general intolerance to pollution, and all four are composed of gill breathing taxa (Merritt 
et al. 2008). Both characteristics make these taxa sensitive to increased organic matter 
and related declines in dissolved oxygen, as well as accumulations of other 
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environmental contaminants such as metals and altered pH (Skinner and Bennett 2007). 
Thus, as stream impairment increased, values of POET richness decreased.  
The newly developed NWGP IBI and its metrics were able to distinguish least 
impaired versus most impaired sites. These results compared favorably with the state-
adopted NGP IBI, and indicated that the NWGP IBI will be a suitable bioassessment tool 
to detect impairment. The NWGP IBI represents the first ecoregion-wide 
macroinvertebrate IBI developed for South Dakota west of the Missouri River. This also 
greatly expands the capability of state water resource managers to conduct statewide, IBI-
based biological assessments of perennial, wadeable streams of South Dakota. 
Furthermore, the IBI developed in this study broadens the use of biological assemblages 
for making impairment decisions within the State, which had formerly been limited to the 
eastern third of South Dakota (SDDENR 2016, USEPA 2017). 
 
 Comparison of the NWGP and NGP IBIs 
The comparison of the optimization process by level III ecoregion demonstrated 
that the Whittier et al. (2007) method applied in both studies was successful in selecting 
metrics that detected impairment within distinct ecoregions of South Dakota. Although 
the final components of the NWGP and NGP IBIs were different, the results of each step 
of the optimization process were quite similar. Roughly the same proportion of metrics 
were eliminated for both ecoregions by all of the screening tests. The first two steps, 
especially the signal-to-noise ratio, eliminated the most metrics, and many of these 
eliminated metrics matched between the two ecoregions (45 of 90 shared metrics, 
Appendix 2-1). Metrics eliminated in the first range test for metric values tended to 
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include abundance or richness metrics for skaters, Hemiptera, Odonata, Plecoptera, and 
Crustacea. These invertebrate groups comprised only a small fraction of sampled 
assemblages and were represented by relatively few genera, resulting in little utility as 
indicators of biotic integrity. The signal-to-noise test determined the ratio of a metric’s 
variance between sites relative to its variance between visits to the same sites (Whittier et 
al. 2007). Metrics with a lower ratio did not differentiate well between sites because they 
displayed high variability from repeated sampling at the same site. The Great Plains 
exhibit strong seasonality and variability in precipitation and temperature patterns, and 
prairie streams subsequently have highly fluctuating flow regimes (Matthews 1988, 
Dodds et al. 2004, Ojima et al. 2012). Given this variable and harsh nature of Great 
Plains streams, it was not surprising that temporal site variability was high relative to 
spatial variability, and resulted in the elimination of a high number of metrics. 
The IBI developed previously for the NGP also contained four metrics: percent 
abundance of climbing taxa, percent abundance of Insecta, Hilsenhoff Biotic Index 
(HBI), and generic richness of Trichoptera (Bertrand and Troelstrup 2013). Percent 
abundance of climbers was calculated as the sum of abundance of taxa designated as 
climbers divided by the total abundance of all taxa. Climbers are typically found on 
vascular hydrophytes or detrital debris. They exhibit modifications for moving vertically 
on stems and similar surfaces (Merritt et al. 2008), and include dragonflies and some 
midges, caddisflies, and beetles. Increasing impairment related to decreased values of this 
metric in the NGP (Bertrand and Troelstrup 2013). Percent abundance of insects was 
calculated as the abundance of all individuals belonging to the class Insecta divided by 
the total abundance for the sample. Insects are the most species-rich group of benthic 
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macroinvertebrates, and often the most abundant (Thorp and Covich 2010). They 
represent the full range of tolerance values, functional feeding groups, and habit guilds. 
This metric decreased in value as integrity declined. HBI was calculated as the sum of the 
products of taxa abundance and respective tolerance values, divided by the total number 
of individuals with tolerance values (Hilsenhoff 1987). This provided a mean assemblage 
tolerance value to organic pollution. As increasing tolerance values are associated with 
greater tolerance to perturbation, especially increases in organic matter, this metric 
increased with increasing impairment (Barbour et al. 1999). Richness of caddisflies was 
calculated as a count of genera present within the order Trichoptera. Caddisflies are one 
of the largest groups of aquatic insects and well represented in North America, with 
approximately 1,400 species known north of the Rio Grande (Merritt et al 2008). Most 
eat algae and plant material and many are case builders, although a wide range of feeding 
and habit guilds are represented in the order. As they generally trend towards intolerance 
and respire through tracheal gills, values of this metric decreased with increasing 
impairment (Barbour et al. 1999). 
 
 IBIs of the Northern Great Plains 
The component metrics of both IBIs were comparable to optimized metrics from 
surrounding states in the Great Plains. Wyoming (Hargett 2011), North Dakota (Larsen 
2013, NDDoH 2013), Minnesota (MPCA 2014), Iowa (Wilton 2004), and Nebraska 
(Bazata 2013), and the Western Pilot study for the Environmental Monitoring and 
Assessment Program (EMAP-West; Stoddard et al. 2005) have all developed 
macroinvertebrate multimetric indices (MMI) for streams and rivers. Although only the 
31 
 
 
Minnesota MMI used the same Whittier et al. (2007) optimization method as in the 
current study, others utilized many similar optimizations steps to maximize 
discrimination between least and most impaired sites, evaluate signal-to-noise ratios, 
assess correlation between metrics and natural gradients or stressors, and eliminate 
redundant metrics. Each MMI contained a unique combination of metrics, but some 
metrics were similar to those of the NWGP and NGP IBIs. The Hilsenhoff Biotic Index 
(HBI) metric from the NGP IBI was present in or adapted for the stream MMIs in the 
Northeast Plains bioregion in Wyoming (Hargett 2011), the Northern Glaciated Plains 
ecoregion of North Dakota (Larsen 2013), low gradient streams of Minnesota (MPCA 
2014), Iowa (Wilton 2004), and Nebraska (Bazata 2013). The non-Insecta taxa richness 
metric from the NWGP IBI was present as an abundance metric in the IBI for the 
Northern Glaciated Plains of North Dakota (Larsen 2013). Similarly, collector-filters 
were incorporated as an abundance metric in the Minnesota IBI (MPCA 2014) relative to 
the richness metric in the NWGP. The Minnesota low gradient stream IBI also contained 
POET richness, as in the NWGP, and richness of climbing taxa and percent abundance of 
Trichoptera, which resemble NGP metrics for these same groups (Bertrand and 
Troelstrup 2013, MPCA 2014). The number of metrics comprising these MMIs was also 
similar, with three metrics in Wyoming (Hargett 2011), six in North Dakota (Larsen 
2013), 12 in Iowa (Wilton 2004), ten in Minnesota (MPCA 2014), six in Nebraska 
(Bazata 2013), and six from EMAP-West (Stoddard et al. 2005). These numbers are 
comparable with the four component metrics of the NWGP and NGP IBIs. Overall, these 
comparisons show that metrics optimized with similar methodology vary among states in 
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the same geographic region. However, some metrics are similar between MMIs and 
appear to be good indicators of impairment in the northern Great Plains. 
 The differences in IBI component metrics for the NGP and NWGP were not 
unexpected. Waterbodies are expected to be a reflection of the land they drain, and it 
follows that regional differences in geology, climate, and anthropogenic impacts may 
lead to differences in the waterbodies themselves and the flora and fauna they support 
(Barbour et al. 1999). Other studies have also developed regionalized IBIs and found 
regionalization improved performance over statewide indices or resulted in different 
metrics by region. In Texas, IBI criteria were developed for fish assemblages in 
perennial, candidate reference streams by level III ecoregion and compared with a 
statewide IBI (Linam et al. 2002). It was found that regional criteria better represented 
least disturbed conditions overall. The Minnesota Pollution Control Agency developed its 
own nine-class regionalization design based on gradient, temperature, and size class of 
streams and rivers while separating northern forests from southern hardwoods and 
prairies (MPCA 2014). An optimized list of invertebrate metrics was developed for each 
class using the same methods as in the NGP and NWGP IBIs. The results of this 
optimization yielded a distinct combination of metrics for each defined class (MPCA 
2014). Larsen (2013) assessed ecological condition of macroinvertebrate stream 
assemblages in the Red River Basin of North Dakota, and also found different optimized 
metrics for each level III ecoregion (Northern Glaciated Plains and Lake Agassiz). In 
Wyoming, optimized macroinvertebrate metrics were generated for each of eleven 
defined bioregions that were combined into a state stream integrity index; a unique list of 
metrics was found for each bioregion using the same optimization methods (Hargett 
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2011). In South Dakota, an evaluation of optimal invertebrate metrics for fourteen lakes 
in the Northern Glaciated Plains and Northwestern Glaciated Plains level III ecoregions 
found the two regions distinct enough to develop optimized metrics for each ecoregion 
(Braskamp 2002). Overall, ecoregions appear to be a good initial step in selecting sites of 
differing landscape characteristics, can effectively capture natural variation in 
invertebrate assemblages (MPCA 2014), and provide a good foundation for describing 
likely stressors to an aquatic system and their management (Hawkins et al. 2000, 
Stoddard 2005). The lack of overlapping metrics found in between the two IBIs 
highlights the need for IBI metrics to be optimized for a local region to best capture local 
variation and condition (Karr 1991, Barbour et al. 1999, Karr and Chu 1999). 
 
 Conclusions 
These results support the SD DENR’s decision to apply a regional approach to 
South Dakota biological monitoring and assessment (SDDENR 2016). The Northwestern 
Great Plains and Northern Glaciated Plains did not overlap in component metrics. Since 
identical methodology was used to collect, process, and analyze macroinvertebrate 
assemblages in both ecoregions, it can be concluded that the level III ecoregions were 
showing biological distinction from one another. For state water resource managers, these 
results showed that these two level III ecoregions should be treated as separate 
management units. No significant differences in IBI scores were found among level IV 
ecoregions within either the NGP or NWGP within this study. However, this evaluation 
was conducted with all sites and represented a range of biological conditions. As 
assessment of stream biotic integrity in South Dakota continues, a reference site network 
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with a sufficient number of sites in each level IV ecoregion should be developed and used 
to definitively evaluate for level IV ecoregion differences in IBI scores (Stoddard 2005). 
These results may have important implications for state agencies in terms of assessment 
objectives, commitment of time and personnel, funding, logistics, and survey design 
(Hughes and Peck 2008). 
 The index of biotic integrity developed for the NWGP as part of this study will be 
adopted by the South Dakota Department of Environment and Natural Resources for use 
in state water quality assessments. Results from this study support separate consideration 
of the NGP and NWGP ecoregions in future assessments. Moving forward with this 
information, it is vital to understand the biotic-abiotic relationships within the NGP and 
NWGP ecoregions. Evaluation of these relationships can help identify potential stressors 
for these systems, likely sources of those stressors, and help guide future management. In 
addition, it could help identify the mechanisms by which underlying abiotic 
characteristics are influencing the biotic assemblages. This would allow managers to 
potentially correct index scores for natural variation and guide prioritization of 
management and assessment efforts. These questions are the focus of the following 
chapter. 
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Tables 
Table 2-1. Metric optimization and elimination. Breakdown of the number of metrics 
within each class remaining after each optimization test for each ecoregion. (i = range, ii 
= signal-to-noise, iii = correlation with natural gradients, iv = responsiveness, v = 
redundancy, and vi = range of metric scores) 
 Metric Class Start Metric Optimization Tests 
   i ii iii iv v vi 
NWGP         
 Abundance/Composition 32 30 4 4 0 0 0 
 Richness/Diversity 25 17 7 7 7 3 3 
 Feeding Guilds 21 18 2 2 1 1 1 
 Habit Guilds 18 15 5 5 1 0 0 
 Tolerance 7 7 4 4 2 0 0 
 Total 103 87 22 22 11 4 4 
NGP         
 Abundance/Composition 27 25 11 11 2 2 1 
 Richness/Diversity 19 15 7 7 2 1 1 
 Feeding Guilds 21 19 3 3 0 0 0 
 Habit Guilds 18 16 4 4 1 1 1 
 Tolerance 5 5 5 5 4 1 1 
 Total 90 80 30 30 9 5 4 
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Table 2-2. Final metrics of the NWGP and NGP IBIs. Each metric is listed with its metric 
class, the minimum and maximum values of the metric, and the expected direction of 
response to increased disturbance. Metric class: A/C = abundance/composition, R/D = 
richness/diversity, Feeding = feeding guild, Habit = habit guild. 
 Metric Metric Class Min. Max. Response 
NWGP Collector-filterer richness Feeding 0 7 Decrease 
 Family richness R/D 3 23 Decrease 
 Non-Insecta generic richness R/D 0 9.5 Decrease 
 
Plecoptera, Odonata, Ephemeroptera, 
and Trichoptera generic richness 
R/D 0 13.5 Decrease 
NGP Hilsenhoff Biotic Index Tolerance 4.0 8.8 Increase 
 Percent abundance climbing taxa Habit 1.3 62.8 Decrease 
 Percent abundance Insecta A/C 25.3 98.5 Decrease 
 Trichoptera generic richness R/D 0 5 Decrease 
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Figure 2-2. Box and whisker plots of each NWGP component metric by stream 
disturbance class. Least impaired streams exhibit higher scores than most impaired 
streams. Kruskal-Wallis ANOVA results indicated each metric significantly 
distinguished least impaired from most impaired sites. 
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APPENDIX 2-1 
Listing of all biological metrics calculated in each ecoregion, their class, and their 
definition. Metric class: A/C = abundance/composition, Feeding = feeding guilds, Habit 
= habit guilds, R/D = richness/diversity. Plec. = Plecoptera, Odon. = Odonata, Ephem. = 
Ephemeroptera, Trich. = Trichoptera. Optimization steps: i = range test, ii = signal-to-
noise test, iii = correlation with natural gradients, iv = response test, v = redundancy test, 
vi = range test for metric values. Black squares indicate a metric passed a given test. 
NGP Metric Optimization Optimization steps  
Metric  
Class 
Definition i ii iii iv v vi 
A/C Percent abundance of Plecoptera 
      
A/C Percent abundance of Simuliidae 
      
Feeding Generic richness of parasites 
      
Feeding Percent abundance of parasites 
      
Habit Generic richness of skaters 
      
Habit Percent abundance of skaters 
      
R/D Generic richness of Crustacea 
      
R/D Generic richness of Hemiptera 
      
R/D Generic richness of Odonata 
      
R/D Generic richness of Plecoptera 
      
A/C Percent abundance Hydropsychidae   
     
A/C Percent abundance of Chironomidae   
     
A/C Percent abundance of Chironominae   
     
A/C Percent abundance of Coleoptera   
     
A/C Percent abundance of Diptera   
     
A/C Percent abundance of dominant taxon   
     
A/C Percent abundance of Elmidae   
     
A/C Percent abundance of Ephemeroptera   
     
A/C Percent abundance of EPT   
     
A/C Percent abundance of Odonata   
     
A/C Percent abundance of Trichoptera   
     
A/C Ratio of EPT to Annelida   
     
A/C Ratio of Hydropsychidae to Trichoptera abundance   
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Appendix 2-1 continued 
NGP Metric Optimization continued Optimization Steps 
Metric  
Class 
Definition i ii iii iv v vi 
A/C Total corrected abundance       
Feeding Feeding guild Shannon-Wiener diversity       
Feeding Feeding guild Shannon-Wiener evenness        
Feeding Generic richness of collector-filterers       
Feeding Generic richness of collector-gatherers       
Feeding Generic richness of shredders       
Feeding Percent abundance of collector-filterers   
     
Feeding Percent abundance of engulfing predators   
     
Feeding Percent abundance of piercer-predators   
     
Feeding Percent abundance of shredders   
     
Feeding Percent collector-gatherers   
     
Feeding Percent scrapers to scrapers + shredders   
     
Feeding Piercer-herbivore generic richness   
     
Feeding Predator-piercer generic richness   
     
Feeding Ratio of scrapers to collector-filterers   
     
Feeding Ratio of scrapers to scrapers + collector-filterers   
     
Feeding Richness of engulfing predators   
     
Habit Generic richness of burrowers   
     
Habit Generic richness of climbers   
     
Habit Generic richness of gliders   
     
Habit Generic richness of parasites   
     
Habit Generic richness of sprawlers   
     
Habit Generic richness of swimmers   
     
Habit Habit guild Shannon-Wiener diversity   
     
Habit Habit guild Shannon-Wiener evenness   
     
Habit Percent abundance of burrowers   
     
Habit Percent abundance of clingers   
     
Habit Percent abundance of parasites   
     
Habit Percent abundance of sprawlers   
     
R/D Annelida generic richness   
     
R/D Chironomidae generic richness   
     
R/D Chironominae generic richness   
     
R/D Diptera generic richness   
     
R/D Family richness of Haplotaxida   
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Appendix 2-1 continued 
NGP Metric Optimization continued Optimization Steps 
Metric  
Class 
Definition i ii iii iv v vi 
R/D Gastropoda generic richness   
     
R/D Generic richness of Ephemeroptera   
     
R/D Shannon-Wiener evenness   
     
A/C EPT to Chironomidae abundance ratio       
A/C Percent abundance of 3 dominant taxa       
A/C Percent abundance of 5 dominant taxa       
   
A/C Percent abundance of Corixidae       
   
A/C Percent abundance of Crustacea       
   
A/C Percent abundance of Gastropoda       
   
A/C Percent abundance of Haplotaxida       
   
A/C Percent abundance of Hemiptera       
   
A/C Ratio of Baetidae to Ephemeroptera abundance       
   
Feeding Generic richness of scrapers       
   
Feeding Percent abundance of piercer-herbivores       
   
Feeding Percent abundance of scrapers       
   
Habit Generic richness of clingers       
   
Habit Percent abundance of gliders       
   
Habit Percent abundance of swimmers       
   
R/D Coleoptera generic richness       
   
R/D Insecta generic richness       
   
R/D Number of invertebrate families       
   
R/D Shannon-Wiener diversity       
   
R/D Total richness       
   
Tolerance Richness with tolerance > 7       
   
R/D EPT generic richness         
  
Tolerance Percent abundance with tolerance < 4         
  
Tolerance Percent abundance with tolerance > 7         
  
Tolerance Richness with tolerance < 4         
  
A/C Percent abundance of Baetidae           
 
A/C Percent abundance of Insecta             
Habit Percent abundance of climbers             
R/D Trichoptera generic richness             
Tolerance Hilsenhoff Biotic Index             
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Appendix 2-1 continued    
NWGP Metric Optimization Optimization Steps 
Metric  
Class 
Definition i   ii  iii iv v  vi 
A/C Percent abundance of Haplotaxida 
      
A/C Percent abundance of Plecoptera 
      
Feeding Generic richness of parasites 
      
Feeding Generic richness of shredders 
      
Feeding Piercer-herbivore generic richness 
      
Habit Generic richness of parasites 
      
Habit Generic richness of skaters 
      
Habit Percent abundance of skaters 
      
R/D Annelida generic richness 
      
R/D Family richness of Haplotaxida 
      
R/D Generic richness of Crustacea 
      
R/D Generic richness of Hemiptera 
      
R/D Generic richness of Odonata 
      
R/D Generic Richness of Plecoptera 
      
R/D Non-Hydropsychidae Trichoptera generic richness 
      
R/D Oligochaeta family richness 
      
A/C EPT to Chironomidae abundance ratio   
     
A/C Percent abundance Hydropsychidae   
     
A/C Percent abundance non-Hydropsychidae Trichoptera   
     
A/C Percent abundance of 3 dominant taxa   
     
A/C Percent abundance of 5 dominant taxa   
     
A/C Percent abundance of Baetidae   
     
A/C Percent abundance of Chironomidae   
     
A/C Percent abundance of Chironominae   
     
A/C Percent abundance of Corixidae   
     
A/C Percent abundance of Crustacea   
     
A/C Percent abundance of Diptera   
     
A/C Percent abundance of dominant taxon   
     
A/C Percent abundance of Ephemeroptera   
     
A/C Percent abundance of EPT   
     
A/C Percent abundance of Gastropoda   
     
A/C Percent abundance of Hemiptera   
     
A/C Percent abundance of Odonata   
     
A/C Percent abundance of Simuliidae   
     
A/C Percent abundance of Trichoptera   
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Appendix 2-1 continued 
NWGP Metric Optimization continued Optimization Steps 
Metric  
Class 
Definition i   ii  iii iv v  vi 
A/C Percent abundance of Oligochaeta   
     
A/C Percent abundance of Orthocladiinae   
     
A/C Percent abundance of Plec., Odon., Ephem., Trich.   
     
A/C Ratio of Baetidae to Ephemeroptera abundance   
     
A/C Ratio of EPT to Annelida   
     
A/C Ratio of Hydropsychidae to Trichoptera abundance   
     
A/C Total corrected abundance   
     
Feeding Feeding guild Shannon-Wiener diversity   
     
Feeding Feeding guild Shannon-Wiener evenness    
     
Feeding Generic richness of collector-gatherers   
     
Feeding Generic richness of scrapers   
     
Feeding Percent abundance of collector-filterers   
     
Feeding Percent abundance of engulfing predators   
     
Feeding Percent abundance of parasites   
     
Feeding Percent abundance of piercer-herbivores   
     
Feeding Percent abundance of piercer-predators   
     
Feeding Percent abundance of scrapers   
     
Feeding Percent collector-gatherers   
     
Feeding Percent scrapers to scrapers + shredders   
     
Feeding Predator-piercer generic richness   
     
Feeding Ratio of scrapers to collector-filterers   
     
Feeding Ratio of scrapers to scrapers + collector-filterers   
     
Feeding Richness of engulfing predators   
     
Habit Generic richness of climbers   
     
Habit Generic richness of gliders   
     
Habit Generic richness of sprawlers   
     
Habit Habit guild Shannon-Wiener diversity   
     
Habit Habit guild Shannon-Wiener evenness   
     
Habit Percent abundance of burrowers   
     
Habit Percent abundance of climbers   
     
Habit Percent abundance of gliders   
     
Habit Percent abundance of parasites   
     
Habit Percent abundance of sprawlers   
     
R/D Chironomidae generic richness   
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Appendix 2-1 continued 
NWGP Metric Optimization continued Optimization Steps 
Metric  
Class 
Definition i   ii  iii iv v  vi 
R/D Chironominae generic richness   
     
R/D Coleoptera generic richness   
     
R/D Diptera generic richness   
     
R/D Gastropoda generic richness   
     
R/D Insecta generic richness   
     
R/D Orthocladiinae generic richness   
     
R/D Shannon-Wiener diversity   
     
R/D Shannon-Wiener evenness   
     
R/D Simpson's diversity index   
     
Tolerance Percent abundance with tolerance > 7   
     
Tolerance Percent abundance with tolerance ≤ 2   
     
Tolerance Richness with Tolerance > 7   
     
A/C Percent abundance non-Insecta       
   
A/C Percent abundance of Coleoptera       
   
A/C Percent abundance of Elmidae       
   
A/C Percent abundance of Insecta       
   
Feeding Percent abundance of shredders       
   
Habit Generic richness of burrowers       
   
Habit Generic richness of swimmers       
   
Habit Percent abundance of clingers       
   
Habit Percent abundance of swimmers       
   
Tolerance Percent abundance with tolerance < 4       
   
Tolerance Richness with tolerance < 4       
   
Habit Generic richness of clingers         
  
R/D EPT generic richness         
  
R/D Generic richness of Ephemeroptera         
  
R/D Total richness         
  
R/D Trichoptera generic richness         
  
Tolerance Hilsenhoff Biotic Index         
  
Tolerance Richness with tolerance ≤ 2         
  
Feeding Generic richness of collector-filterers             
R/D Non-Insecta generic richness             
R/D Number of invertebrate families             
R/D Plec., Odon., Ephem., Trich. generic richness             
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Abstract 
 Biological assessments are important for evaluating a system’s current condition 
relative to impairment. However, assessments cannot be effectively employed in 
management unless the natural and anthropogenic causes of impairment can be identified 
and differentiated. One technique for evaluating stressor-response relationships is random 
forest modeling. In South Dakota, macroinvertebrate indices of biotic integrity (IBI) have 
been developed for perennial, wadeable streams in the Northwestern Great Plains 
(NWGP) and Northern Glaciated Plains (NGP) level III ecoregions. However, abiotic 
drivers of biotic integrity have not been fully analyzed. My objectives were to identify 
statewide drivers of stream biotic integrity using random forests and determine if drivers 
differ by level III ecoregion. It was hypothesized that drivers relating to cultivation would 
dominate in the NGP while those relating to rangeland management were expected to 
dominate in the NWGP. NWGP sites were sampled in 2014 and 2015 using Regional 
Environmental Monitoring and Assessment sampling protocols. NGP sampling was 
completed in a separate study with similar methodology. Random forests identified in-
stream habitat drivers of biotic integrity, and watershed drivers of in-stream habitat. 
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Cluster analysis and non-metric multidimensional scaling (NMDS) were used to identify 
major drivers of macroinvertebrate assemblages and compare them by level III ecoregion. 
Random forest modeling identified 23 in-stream habitat drivers of IBI metrics, explaining 
17 to 56% of the variation in metric values. Drivers of IBI scores across the state were 
salinity, specific conductance, total riffle length, substrates, and discharge (46% of 
variation explained). Nitrogen loading, herbaceous land cover, river basins, and level IV 
ecoregions were important drivers of in-stream habitat. Cluster analysis differentiated 
NGP and NWGP macroinvertebrate assemblages. NMDS results found human use, 
nitrogen loading, and pasture/hay land use positively correlated with NGP assemblages, 
while herbaceous land cover and turbidity positively correlated with NWGP assemblages. 
This study identified likely drivers of biological integrity of perennial, wadeable streams 
in South Dakota, which appear to differ by level III ecoregion. For state water resource 
managers, these results support considering the NGP and NWGP as separate management 
units and link new biotic integrity tools to existing physical and chemical assessments. 
 
Keywords: benthic macroinvertebrates, biotic integrity, random forests, drivers 
 
Introduction 
 Biological assessments are important for describing the current condition of a 
system and indicating the presence of impairment. However, management and mitigation 
efforts can only be effective when ecologically significant impacts can be quantified, the 
cause of the impairment can be identified, and different types and levels of impacts can 
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be distinguished from each other (Fabricious and De’ath 2004, Doledec et al. 2006, 
Doledec and Statzner 2010). It is also important to be able to separate natural variation 
from anthropogenic impairment, to prevent confounding the interpretation of the effects 
of the stressor (Allan 2004, Vander Laan et al. 2013). Ideally, all sources of impairment 
could be recognized individually and their ecological impacts would be known. 
Unfortunately, determining causation is quite challenging, given that multiple stressors 
may act simultaneously and synergistically. Additionally, field identifications of stressors 
are not straightforward because impairment is often the alteration of natural 
physicochemical conditions rather than a new introduced contaminant (Vander Laan et al. 
2013). Human disturbances occur over varying distances and spatial scales, are of 
varying durations, and involve cascading influences, interactions, and legacies; therefore, 
while detecting the presence and magnitude of impairment may be done accurately, it is 
much more difficult to determine causation with certainty (Allan 2004). 
 There have been many methods proposed to identify causes of impairment. In 
some cases, an experimental approach is applied through lab or field studies to compare 
differently impacted sites, determine if a suspected agent is capable of causing the 
identified stress, or define the relationship between the variable of interest and a response 
variable (Dodds and Welch 2000). For example, sampling in an area with a known 
characteristic (i.e. agricultural runoff) and in an area without it (Fernandez et al. 2010). 
An alternative is the development of tools that can incorporate the judgement of experts 
in addition to observational and experimental data (Allan et al. 2011). Other methods of 
identifying causation primarily involve causal criteria and weight-of-evidence approaches 
(Fabricious and De’ath 2004, Suter et al. 2010, Norris et al. 2012, Cormier and Suter 
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2013). Such approaches rely at least in part on assessing relationships between biological 
or ecological condition and potential stressors. 
One method of evaluating these relationships is classification and regression tree 
(CART) analysis. CART is a subset of recursive partitioning developed to determine an 
accurate classifier or explore the interaction and predictive abilities of a data set (Breiman 
et al. 1984). The tree analysis divides observations into the smallest possible 
homogeneous groups. At each stage, the group of observations for the response variable 
is split by each possible explanatory variable, and the split resulting in the greatest 
homogeneity in the daughter groups is selected (Breiman, et al. 1984; Griffith 2012). 
Repetition of this partitioning results in a set of decision rules used to identify the 
terminal groups. Advantages of this type of analysis include the ability to analyze both 
categorical and continuous response data (De’ath and Fabricious 2000; Griffith 2012). 
Additionally, the analysis is non-parametric by design with no underlying distributional 
assumptions, efficiently evaluates all possible splits without regard to the number of 
explanatory variables, and is capable of handling missing variables (De’ath and 
Fabricious 2000). 
 There are some disadvantages to classification and regression trees. Namely, they 
can be relatively poor predictors (Vayssieres et al. 2000, De’ath 2007, Elith et al. 2008). 
Several techniques have been developed in response: bagging, random forests, 
multivariate trees, and boosted trees. Multivariate trees relate data from multiple response 
variables to the environmental predictor variables (De’ath 2002). Boosted regression 
trees actively increase predictive power by running through hundreds of iterations of tree 
selection and placing increasing focus on misclassified cases to improve the probability 
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of correct classification (De’ath 2007, Elith et al. 2008). This process yields a final model 
with the largest capacity of accurate prediction. Bagging and random forests create 
multiple regression trees and average the results in the final model; bagging utilizes 
bootstrap sampling, and random forests uses bootstrapping and randomly-selected subsets 
of predictors (Prasad et al. 2006, Cutler et al. 2007). 
Ecologically, CART analysis has been studied as a means of predicting or 
describing floral and faunal species distributions (Vayssieres et al. 2000, Holtrop et al. 
2006, Steuer et al. 2008, Johnston et al. 2009, Ruppert et al. 2009, Aho et al. 2011, 
Johnston and Brown 2013), an aid in predicting decreases in habitat and increases in 
fragmentation of vulnerable rainforest tree species (Powell et al. 2010), and predicting 
habitat preferences (Boets et al. 2013). Random forest modeling has been used as a 
remote sensing classifier (Rodriguez-Galiano et al. 2012), to generate spatial niche 
models (Baltensperger and Huettman 2015), and to predict the presence and spatial 
patterns of species (Cutler et al 2007, Evans et al. 2011). It has also found utility as a 
means of determining predictive factors for biological assemblages (Cross et al. 2015) or 
land use change (Wang et al. 2016). 
CART has also been evaluated in terms of its use in causal analysis. Griffith 
(2012) lists three ways to use CART in causal analysis: 1) to classify systems differing 
because of natural factors or to predict natural environmental characteristics, 2) to 
identify variables that may confound estimates of relationships, and 3) to “inform efforts 
to describe stressor-response relationships.” Vander Laan et al. (2013) utilized random 
forest models to evaluate relationships between measures of stream biological condition 
and potential stressors at the stream level, as well as between those potential stressors and 
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surrounding land use. Clapcott et al. (2012) used boosted regression trees to conduct a 
similar evaluation of relationships between land use gradients and measures of ecological 
integrity. Such models could help quantify the response of biological condition to 
different stressors and identify the likely contributions of different land use types and 
alterations as sources of impairment, providing baseline data for causal investigations. 
In South Dakota, macroinvertebrate indices of biotic integrity have been 
developed as biological assessment tools for two level III ecoregions: the Northern 
Glaciated Plains (NGP; Bertrand and Troelstrup 2013, Krause et al. 2013) and the 
Northwestern Great Plains (NWGP; Chapter 2). However, the relationships between 
these measures of biotic condition and abiotic characteristics of streams and surrounding 
watersheds have not been fully evaluated. Effective management of these resources 
requires an understanding of pathways by which steam condition is altered, and state 
water resource managers have a stated interest in building stressor/response linkages 
(SDDENR 2016). Defining these relationships and identifying potential important drivers 
of biological condition is important to help guide water resource managers and inform 
efforts to determine and mitigate the causes of impairment. 
 The primary objectives of this study were to determine which drivers explain the 
most variation in biological integrity across the state using random forest modeling, and 
to determine if these drivers were equally important between two US EPA level III 
ecoregions. In consideration of differences in climate and land use between the two 
ecoregions, I hypothesized that abiotic drivers representing or relating to cultivation 
would be more important in the NGP, while drivers representing rangeland and cattle 
grazing would be more influential in the NWGP. 
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Study Area 
 The region of interest for this project comprised the Northwestern Great Plains 
and the Northern Glaciated Plains level III ecoregions in South Dakota (Omernik 1987, 
Omernik and Griffith 2014). The Northwestern Great Plains (NWGP) lies west of the 
Missouri River, and is a semiarid rolling plain (Taylor, J.L. et al. 2015). This ecoregion 
was untouched by the Wisconsin glaciation, resulting generally shallow and clayey soils, 
with a few buttes and badlands. Precipitation is erratic, totaling 250 to 510 millimeters 
annually. Land use is primarily cattle and sheep livestock grazing, as poor soils and 
limited moisture restrict cropped agriculture (Taylor, J.L. et al. 2015). The Northern 
Glaciated Plains (NGP) lies east of the Missouri River, with a primarily sub-humid 
climate; annual precipitation ranges between 510 and 610 millimeters (Taylor, J.L. et al. 
2015). The NGP has deep soils, wetland depressions, and areas of rock and gravel 
deposits due to glacial activity in the last 25,000 years. This landscape supports extensive 
cultivated agriculture, and grain and cattle production encompass the primary land uses 
within the ecoregion (Taylor, J.L. et al. 2015). 
 
Methods 
 Data Collection 
 Sixty sites were allocated to eight level IV ecoregions in this study with respect to 
the proportion of total NWGP perennial, wadeable stream kilometers contained in each 
ecoregion, with a minimum of three sites per ecoregion. Sites were chosen randomly 
from all perennial, wadeable stream segments in the NWGP as defined in the National 
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Hydrography Dataset (USGS 2013), and were sampled once in 2014 and once in 2015. In 
neither project could a sample site be immediately downstream of a dam, confluence, 
road crossing, or lake or impoundment. After field sampling, sites were assigned an 
impairment classification, and an analysis of watershed condition was conducted. 
 Regional Environmental Monitoring and Assessment Program sampling protocols 
were used in this study (Peck et al. 2001). Sites could not be sampled unless they were 
flowing and below bankfull depth. Sampling reaches were determined as a function of 
preliminary mean stream width (PMSW), the average of ten equally spaced 
measurements of wetted width along the channel. Reach length was calculated as 30 
times PMSW, which was divided by ten to delineate 11 equidistant transects along the 
length of the sampling reach. Water chemistry data was collected just upstream of this 
reach, and biological and physical data was collected at each transect. 
Water quality data was collected first to prevent contamination by other activities. 
Two sets of measurements were taken: water chemistry samples and meter readings. 
Water chemistry samples were collected in four one-liter units and filtered and preserved 
according to protocol (SDDENR 2005). Fifteen parameters were measured from these 
four units, including alkalinity, turbidity, suspended solids, dissolved solids, ammonia, 
nitrate, Kjeldahl nitrogen, total phosphorus, sodium, calcium, magnesium, fluoride, 
sulfate, and chloride (Table 3-1). Each sampling season, 10% of sites were randomly 
selected for quality assurance/quality control sampling, wherein two additional sets of 
samples were collected. Additional samples included a duplicate set taken from the 
stream and a blank set filled with deionized water; both sets were processed and analyzed 
identically to other water chemistry samples. Meter readings included measures of water 
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temperature, pH, dissolved oxygen, and specific conductance taken with a handheld YSI 
(Yellow Springs Instruments Model 556 multiparameter sonde); these were taken once 
when water chemistries were collected and once just before leaving the site. 
Biological sampling included both fish and benthic macroinvertebrate 
assemblages; the latter is the focus of this study. Macroinvertebrates were collected in the 
left, center, or right third of each transect in a zig zag pattern with a standard D-frame net 
with 500 μm mesh (Peck et al. 2001). Bed substrates in an area one net-width square 
were disturbed by foot in front of the D-frame net for 30 seconds with a sweeping pass to 
collect invertebrates at each transect. All eleven transect samples were combined into a 
single composite sample that was preserved in ethanol and later processed at South 
Dakota State University. 
Physical habitat parameters of interest included land use within the riparian zone, 
substrate and bank condition, channel morphology, discharge, vegetation type and usage, 
and canopy cover (see Appendix 3-1 for full list of measurements; Peck et al. 2001). 
These measurements were taken at each of the eleven transects, and were taken last to 
minimize chemical and biological contamination. At each transect, the bankfull level and 
thalweg were located and used as landmarks for measuring bankfull width, bankfull 
depth, flood prone depth, flood prone width, and maximum water depth. Bankfull and 
water depths were also taken at nine pre-defined locations across the stream. Substrate 
was sampled and measured at ten evenly spaced points across the channel, and discharge 
was measured at these same points at transects one, six, and eleven (Peck et al. 2001). 
Canopy cover was measured in four directions at the center of the channel and once at 
each bank. Other bank and vegetation measures taken included the length of each bank 
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vegetated, eroded, or depositional, bank height and angle, length and depth of undercut 
bank, length and depth of overhanging vegetation, length of submergent and emergent 
beds of macrophytes, width of riparian zone, dominant riparian vegetation, and estimates 
of animal vegetation use. 
Benthic macroinvertebrate samples were processed according to modified 
Wadeable Stream Assessment Benthic Laboratory Methods (USEPA 2004a). Each 
sample was washed to remove fine sediments, then placed in a gridded tray. Random 
subsamples were sorted with a dissecting scope to remove a minimum of 300 individuals 
or all individuals from a maximum of fifteen subsamples. Standardized quality 
assurance/quality control (QA/QC) methods were applied. Each subsample was checked 
by QA/QC certified personnel until five consecutive subsamples achieved a minimum of 
90% sorting efficiency (USEPA 2004a). Thereafter, the sorter was considered QA/QC 
certified and 10% of subsamples were randomly checked. Sorted macroinvertebrates 
were identified to the appropriate taxonomic level for monitoring (USEPA 2004a), most 
to the generic level. However, Oligochaetes and families with no available genus keys 
(Muscidae, Scathophagidae, Dolichopodidae, Curculionidae, Chrysomelidae, 
Staphylinidae, and Heteroceridae) were identified to family, while Nematoda were left at 
phylum. Identification keys used included Merritt et al. (2008) for Insecta, Anderson et 
al. (2013) for Chironomidae, C.A. Taylor et al. (2015) for Decapoda, Kathman and 
Brinkhurst (1999) for Oligochaeta, and Thorp and Covich (2010) and Smith (2001) for 
other non-Insecta. 
Watershed condition was evaluated following sampling using the Analytical 
Tools Interface for Landscape Assessment (ATtILA; USEPA 2004b, Suehring 2017) in 
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ArcMap software. Watershed boundaries were delineated using digital elevation maps 
with each sampling site as the most downstream point. Information from data layers 
describing land use/land cover, roads, elevation, and other characteristics was drawn 
together to calculate watershed scale landscape metrics. The list of these metrics was then 
optimized using range tests, best judgement, principal components analysis (PCA), and 
Spearman rank correlation to derive those best able to distinguish impairment (Suehring 
2017). Final metrics were then used to calculate a watershed condition score for the area 
draining into each sampling site. 
 
 IBI Generation 
 Five categories of metrics were calculated for inclusion in the IBI: 
abundance/composition, richness/diversity, feeding guilds, habit guilds, and tolerance. 
One hundred three metrics were calculated for the NWGP (Chapter 2, Appendix 2-1). 
The list of metrics was reduced and optimized using a series of statistical tests and 
corrections as drawn from Whittier et al. (2007). These included a range test, signal-to-
noise test, correlation with natural gradients, responsiveness test, redundancy test, and 
range test for metric scores. After finalizing the list of optimized metrics, metric values 
were converted to scores ranging from 0 to 10 using the 5th and 95th percentiles of each 
metric. Values between the percentiles were linearly interpolated. The metric scores were 
summed to give a raw IBI score, which was rescaled on a 0 to 100 scale, resulting in a 
final IBI score for each site. 
 
59 
 
 
 Data Analysis 
 To conduct driver analysis statewide, data collected and generated from the 
NWGP were combined with data from the previous IBI project in the Northern Glaciated 
Plains (NGP; see Bertrand and Troelstrup 2013, Kafle et al. 2013). The NGP IBI project 
used similar methods for field sampling (Peck et al. 2001), metric calculation, and IBI 
optimization and scoring (Whittier et al. 2007). 
Random forest analysis was used to evaluate statewide relationships between 
biotic and abiotic measures. All random forest analyses were completed in Program R, 
package randomForest. Analysis was conducted following the method described by 
Vander Laan et al. (2013). Two sets of models were generated; one relating measures of 
biotic integrity to in-stream physical and chemical habitat and one relating in-stream 
habitat to watershed scale characteristics. Measures of biological integrity included IBI 
scores and values of the seven unique metrics of the two IBIs. In-stream habitat data 
included 30 measures of stream morphology, substrate, discharge, and water chemistries 
(Appendix 3-1). Watershed scale characteristics included watershed condition scores 
(WCS) and ten watershed metrics either included in the WCS or calculated for both 
ecoregions (Table 3-2). 
Random forests of 1000 trees were generated and averaged, and the relative 
importance of each predictor in the model was determined as a measure of the increase in 
mean squared error when the predictor was permuted. The least important predictor was 
then removed and the model rerun; this was repeated until no predictors remained. The 
mean squared error (MSE) and the percent of variation explained by each model were 
compared; the model that maximized variation explained and minimized MSE was 
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selected as the best model for that response variable (Vander Laan et al. 2013). For 
relationships between in-stream habitat and watershed characteristics, models were run 
both with and without variables indicating ecoregion (level III and level IV) and river 
basin (Appendix 3-2). These three regional variables were selected to act as surrogate 
measures of underlying natural variation in geology, climate, and elevation. Partial 
dependence plots were generated for each model to evaluate the type and direction of 
relationships between predictor and response variables. These plots estimated the 
influence of each predictor variable on the response in context with all other predictors. 
 Cluster analysis was applied to final macroinvertebrate assemblage counts from 
each ecoregion. Assemblage data was combined for the two ecoregions, and taxa present 
in less than ten percent of sites were eliminated. This resulted in 91 unique taxonomic 
units. Cluster analysis was then employed to identify groups of sites with similar 
biological assemblages. This analysis was run in PC ORD 5.10 using a Sorensen (Bray-
Curtis) distance measure and flexible beta group linkage method (β = -0.35), and the 
objective function was used to scale the dendrogram (McCune and Mefford 2006). These 
groups of sites could then be compared to similar divisions by ecoregions (level III and 
level IV) and river basin; this would indicate if biological differences exist between 
regions. Non-metric multidimensional scaling (NMDS) was then used to plot points 
along axes explaining most of the variation in the dataset. NMDS was also run in PC 
ORD 5.10, using the Sorensen (Bray-Curtis) distance measure and a maximum of 500 
iterations (250 iterations of real data and 250 of randomized data) in autopilot mode to 
determine dimensionality and find the final solution (Kruskal 1964a, Kruskal 1964b, 
Mather 1976, McCune and Mefford 2006). Vectors were overlaid showing the most 
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influential abiotic variables in terms of the direction and magnitude of their relationship 
with each point. Groups could then be evaluated for separation from other groups in this 
ordination space and in their relationships to influential drivers. The results of this 
analysis were used to supplement the results of the random forest analysis and determine 
if influential drivers differed by ecoregion. 
 The design of this study limited the range of hydrologic conditions in study sites 
to perennial, wadeable streams flowing below bankfull depth. However, flow variability 
is understood to be an important aspect of Great Plains streams (Matthews 1988, Dodds 
et al. 2004). To test if historical patterns in flow could be a driver of biotic integrity 
separately from stream discharge at the time of sampling, ten hydrologic indices were 
calculated for seven NWGP sites (Table 3-3). Indices were chosen from Olden and Poff’s 
list of most useful indices for perennial flashy or runoff streams (Olden and Poff 2003). 
Sites were selected for their proximity to United States Geological Survey (USGS) 
stream gauge stations. Daily flow data was collected for seven water years (October 1st, 
2008 to September 30th, 2015); this period encompasses five years prior to sampling in 
this study and the two sampling seasons. Simple Spearman Rank correlation analysis was 
employed to examine relationships between IBI scores and all ten hydrologic indices. 
 
Results 
 After all optimization tests were completed, the NWGP IBI contained four 
metrics: family richness, generic richness of non-insects, richness of collector-filterer 
taxa, and the generic richness of Plecoptera, Odonata, Ephemeroptera, and Trichoptera 
(Chapter 2). IBI scores ranged between 3 and 93 (x̅ = 37). The NGP IBI also contained 
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four metrics: Hilsenhoff Biotic Index (HBI), percent abundance of climbing taxa, percent 
abundance of insects, and generic richness of Trichoptera (Bertrand and Troelstrup 
2013). Scores ranged between 24 and 100 (x̅ = 58). 
Results of the random forest modeling indicated potential major drivers of overall 
biotic integrity (IBI score) were salinity, specific conductance, total length of riffle 
habitats, substrates (fines [≤ 2 mm] and gravel [>2 - 64 mm]), and stream discharge at the 
time of sampling (Table 3-4). Each IBI component metric was related to a unique number 
and combination of in-stream habitat variables. The number of drivers identified for each 
component metric ranged between five for the Hilsenhoff Biotic Index and twelve for 
non-Insecta richness (Table 3-4). Drivers of individual IBI component metrics included 
salinity, discharge, substrates, riffles, and specific conductance, nutrients, dissolved 
oxygen, suspended solids, turbidity, channel morphology, and length of bank vegetated. 
A total of 23 in-stream abiotic measurements were identified as drivers of biotic integrity, 
which explained between 17 and 56 percent of the variation in the biological data (x̅ = 
40%; Table 3-4). 
Abiotic data was similarly evaluated for potential relationships between in-stream 
measurements and watershed-scale characteristics. Models without regional variables 
explained between -10 and 39 percent of variation (x̅ = 14%), while models including 
regional variables as surrogates of natural gradients explained between -5 and 76 percent 
of variation (x̅ = 23%; Table 3-5). Negative variation explained resulted when the 
model’s mean squared error was greater than the variance in the values of the response 
variable. The inclusion of regional variables generally improved model performance in 
percent variation explained, with an average increase of 9%. This was particularly true 
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for clay and sand substrates, total Kjeldahl nitrogen (TKN), specific conductance (Cond), 
and salinity (SAR; Table 3-5). For other in-stream variables, models improved slightly, 
did not change, or showed decreased performance. Without regional variables, the most 
frequent watershed variable was total herbaceous land cover in the watershed, appearing 
in the best performing models of 19 of 23 in-stream variables. The next most frequent 
were herbaceous ground cover within 30 meters of the stream, nitrogen loading, and 
human use within the watershed. When regional variables were introduced to the models, 
both level IV ecoregion and river basin were most frequently associated with in-stream 
habitat (13 of 23 models); in some cases, they largely or entirely replaced other 
watershed variables in the models (Table 3-5). 
Results from the random forest modeling were visualized to improve 
interpretation and utility by users. Partial dependence plots were generated for each final 
model between the response variable and each predictor variable. Partial dependence 
plots showed IBI scores were negatively related with salinity, specific conductance, and 
fine substrates, and positively related to total riffle length (Figure 3-1). Most relationships 
between IBI scores and abiotic drivers were curvilinear, and were largely bell-shaped in 
the case of gravel substrates and stream discharge at the time of sampling. These plots for 
all models were used to visualize relationships between predictor and response variables. 
The majority of plots (91%) showed nonlinear relationships, such as a curvilinear 
decrease or increase, a U- or bell-shaped response, or multiple peaks and valleys (Table 
3-6). A diagram was also constructed depicting all identified relationships between biotic 
integrity, in-stream habitat, watershed characteristics, and regional variables to facilitate 
interpretation and use of random forest results (Figure 3-2). 
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 Cluster analysis performed on the biological assemblage data delineated eight 
groups (30% information remaining; Figure 3-3). Three of these groups are dominated by 
sites from the NGP ecoregion (30 of 36 sites), while the other five groups are dominated 
by sites from the NWGP (59 of 60 sites). However, the eight groups did not correspond 
with level IV ecoregions or river basin. NMDS analysis resulted in a 2-dimensional 
solution (final stress = 18.7, instability = 0.0000, number of iterations = 111). Sites were 
ordinated on these two axes, which explained 61% of the variation in the data. NGP 
dominated groups tended to aggregate at higher values of axis two and NWGP dominated 
groups tended to aggregate at lower values. Overlaying vectors of abiotic variables with 
R2 values of 0.2 or greater indicated that axis two (45% of variation explained) was likely 
a land use gradient, ranging from greater herbaceous land cover at the bottom of the plot 
to greater human usage towards the top (Figure 3-4). In conjunction, there appears to be 
greater nitrogen loading at higher values of axis two, and greater turbidity at lower 
values. Axis one (16% of variation explained) appears to be more of a stream substrate 
gradient, with larger substrates associated with sites on the right side of the plot. 
 Evaluation of hydrologic indices found only the spread of daily flow values was 
significantly correlated with IBI score. This hydrologic index is defined as the ratio of the 
20th and 80th percentiles of daily flow, divided by the median daily flow value across all 
years. The correlation coefficient for the relationship was 0.83 (p < 0.05), indicating a 
strong positive relationship between the spread of flow values and IBI score for the seven 
sites included in the analysis. 
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Discussion 
 The results from the random forest modeling indicated that changes in overall 
biotic integrity were related to changes in salinity, specific conductance, total riffle 
length, and stream discharge at the time of sampling. The NMDS also highlighted a 
potential land use gradient which explained variation in macroinvertebrate assemblages, 
ranging between herbaceous land cover and human use along axis two. High specific 
conductance and salinity can interfere with osmoregulation and correlate with a decrease 
in total, Ephemeroptera, and Trichoptera richness and abundance (Death and Joy 2004, 
Pond 2010, Kefford et al. 2011, Schroder et al. 2015, Boehme et al. 2016). In addition, 
HBI relates positively with conductivity, likely due to a reduction in sensitive taxa 
(Johnson and Ringler 2014). Riffles relate to an increase in total macroinvertebrate and 
insect diversity, especially Ephemeroptera, Plecoptera, and Trichoptera taxa (EPT; Hynes 
1970, Boulton 2003, Bonada et al. 2006, Brown et al. 2012, Johnson and Ringler 2014). 
Increased nutrient loading can increase autotroph biomass and production; the 
simultaneous increase in autotrophic activity and breakdown of organic matter also result 
in higher dissolved oxygen variability (Allan 2004, Brisbois et al. 2008). This negatively 
impacts POET taxa, which respire through gills and are sensitive to changes in dissolved 
oxygen (Brisbois et al. 2008, Merritt et al. 2008). The decrease in taxa sensitive to 
organic pollution is related to elevated average pollution tolerance of the assemblage and 
subsequently increases HBI values (Hilsenhoff 1987). Increases in total nitrogen have 
also been linked to decreased taxa richness and collector-filterer abundance (Xu et al. 
2014). Discharge is related to the movement and heterogeneity of substrates and can 
influence dissolved oxygen concentrations, which subsequently influence the structure 
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and composition of macroinvertebrate assemblages (Hynes 1970, Allan 2004, Hussain 
and Pandit 2012). 
Random forest modeling and NMDS also identified substrate size as an important 
driver of biological assemblages and biotic integrity. Primarily, substrates influence 
biological assemblages by affecting habitat diversity, hydraulic stress, and the resulting 
species traits for feeding, reproduction, and hiding (Allan 2004, Bryce et al. 2010, 
Hussain and Pandit 2012). Larger substrates generally increase diversity (Hynes 1970); 
fine substrates fill interstitial spaces and coat surfaces, interfering with anchoring, 
feeding, and respiration of benthic species (Boulton 2003, Bryce et al. 2010). An increase 
in fine substrates relates to decreases in family richness, insect abundance, and EPT 
richness (Hynes 1970, Brown et al. 2012, Ferreira et al. 2014, Johnson and Ringler 2014, 
Quist and Schultz 2014). Sedimentation can alter assemblage trophic structure by 
influencing primary production and food quality, or shift species composition by 
decreasing stream depth heterogeneity (Allan 2004). Collector-filterer taxa are negatively 
impacted by increased sedimentation, which can clog filtering structures and carry 
adsorbed contaminants (Hynes 1970, Klemm et al. 2003, Uwadiae 2010). 
Some identified reach scale drivers of biological integrity measures coincide with 
known stressors of concern identified by the South Dakota Department of Environment 
and Natural Resources (SD DENR). In particular, dissolved oxygen, salinity, total 
suspended solids, and specific conductance are major causes of beneficial use non-
support (SDDENR 2016). Approximately 79% of assessed stream and river miles in 
South Dakota do not fully support assigned beneficial uses. Dissolved oxygen was 
impaired in 9% of assessed streams, salinity in 16%, total suspended solids in 35%, and 
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specific conductance in 7% of assessed streams (SDDENR 2016). Other stressors include 
pH (0.5% of miles impaired), and water temperature (3% of miles impaired), which were 
also identified as drivers of biotic integrity in this study. Livestock feeding or grazing, 
natural sources, and agricultural crop production are acknowledged to be the top three 
sources of physical and chemical stressors to assessed streams and rivers (SDDENR 
2016), and coincide with the land use gradient highlighted in the NMDS. Livestock 
feeding or grazing was a source of impairment for 32% of assessed streams, natural 
sources accounted for impairment in 19% of assessed streams, and agricultural crop 
production was a source of impairment in 15% (SDDENR 2016). Livestock grazing and 
cultivated agriculture have been linked to increased sediment concentrations, nitrogen 
and phosphorus enrichment, shifts in substrate composition, altered width-to-depth ratios, 
and changes in bank and riparian vegetation (Allan 2004, Vidon et al. 2008, Broussard 
and Turner 2009, Lenhart et al. 2011, Raymond and Vondracek 2011, Grudzinski 2014), 
and erodible soils of western South Dakota naturally increase turbidity and sediment 
concentrations (SDDENR 2016). All of these impacts were identified with random 
forests as drivers of biotic integrity in South Dakota. 
The results of this study also showed that component IBI metrics are each related 
to a unique combination of abiotic stream characteristics (Table 3-4), likely due to the 
specific habitat preferences and tolerances of the taxa comprising each metric (Hynes 
1970, Karr 1981, Merritt et al. 2008). For water resource managers, this indicates that the 
component metrics respond across a range of anthropogenic influence, which is a goal of 
IBI development (Karr 1981, Barbour et al. 1999, Klemm et al. 2003). In addition, this 
information can inform causal analysis efforts and help tailor management and mitigation 
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of impairment by allowing managers to evaluate or mitigate changes in individual 
component metric values in addition to overall IBI scores. 
A greater amount of variation was explained in models between biological 
measures and in-stream habitat than in those between in-stream characteristics and 
watershed attributes. Reach scale effects were determined to be greater than watershed or 
region effects in streams and littoral zones of the United States, New Zealand, Brazil, and 
Sweden (Lammert and Allan 1999, Johnson and Goedkoop 2002, Death and Joy 2004, 
Death and Collier 2010, Tanaka et al. 2016). However, local habitat within a reach is not 
always the dominant influence (Erba et al. 2014, Villeneuve et al. 2015, Roberts et al. 
2016), and human stressors have been linked to changes in biological assemblages across 
several geographic scales (Marzin et al. 2013). Therefore, incorporation of multiple 
spatial scales is important due to interdependence of local and regional variables (Heino 
et al. 2002, Johnson and Goedkoop 2002). 
Regional variables appeared to be important correlates of biotic and abiotic 
condition in our analysis. Level IV ecoregions and river basins contributed to explaining 
variation of several in-stream habitat measures. Cluster analysis indicated level III 
ecoregion differences in biological assemblages (Figure 3-3). The NMDS also separated 
the two level III ecoregions in ordination space and drivers (Figure 3-4). These results are 
supported by similar findings from other evaluations of regional drivers of biological 
assemblages. In European freshwater systems, geo-climate was found to be a stronger 
influence than land use variables with significant interaction between the two (Feld et al. 
2016), and greater homogeneity of macroinvertebrate assemblages were found within 
bioregions than between them (Moog et al. 2004). The taxonomic and functional 
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assemblage structure of fish assemblages were found to be largely influenced by the 
broad physiographic differences between ecoregions in Texas streams (Pease et al. 2015). 
Benthic macroinvertebrate assemblages and stream characteristics for boreal headwater 
streams of Finland more closely corresponded to ecoregions than sub-ecoregions, and 
significant differences were detected between ecoregions in species richness and 
functional feeding groups (Heino et al. 2002). 
 Hydrologic indices were evaluated to see if historical flow patterns would be an 
important driver of biotic integrity, separate from stream discharge at the time of 
sampling. Results of this analysis found that only one hydrologic index, the spread in 
daily flow values, was significantly correlated with IBI score (KW ANOVA p < 0.05). 
By design, this study limited sampling to perennial, wadeable streams flowing below 
bankfull depth. This limits the range of hydrologic conditions in sampled streams. In 
addition, biological metrics were evaluated for relationships with watershed area, a 
correlate of stream size and discharge, as part of the metric optimization process; none of 
the metrics demonstrated a significant relationship. Therefore, it was not surprising that 
only one hydrologic index was correlated with IBI scores. However, flow variability 
should be assessed for a greater number of sites and over a greater geographic area to 
verify these results. Understanding long-term hydrologic conditions and its potential 
implications for biological integrity could be important to determining possible 
consequences of alterations in climate or water usage (Neufeld et al. 2016, Woznicki et 
al. 2016). 
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Conclusions 
 In this study, major drivers of biological integrity of perennial, wadeable streams 
in South Dakota were identified. Partial dependence plots and a full diagram of 
relationships from random forest models were also generated to provide visualizations of 
relationships and aid in data interpretation and causal analysis (Figure 3-2, Table 3-6). It 
was shown that macroinvertebrate assemblages differ by level III ecoregion, which are 
influenced by separate drivers. Level IV ecoregions and river basins were associated with 
changes in aspects of in-stream habitat. For state water resource managers, these results 
support the conclusion that level III ecoregions should be considered separate 
management and assessment units, as previously indicated by the lack of overlap in IBI 
metrics (Chapter 2). In addition, random forest modeling indicated that managers should 
incorporate differences in abiotic characteristics among level IV ecoregions and river 
basins in assessment design. Finally, many of the abiotic drivers identified in this study, 
such as salinity, specific conductance, total suspended solids, and dissolved oxygen, 
overlap with stream characteristics known to impair streams in South Dakota (SDDENR 
2016). This links the biological tools developed in this and the previous NGP project 
(Bertrand and Troelstrup 2013) to existing physical and chemical assessments for 
beneficial use support. 
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Tables 
Table 3-1. Water chemistry parameters. Unit refers to the four separate containers of 
water collected; all containers were polyethylene plastic. Filtration involved drawing 
water samples through a glass microfiber filter (GF/B) and then through a cellulose 
nitrate membrane filter. Holding time refers to the maximum storage time for each 
parameter. 4°C = preserved by cooling to 4°C, H2SO4= Sulfuric acid to pH < 2, HNO3 = 
Nitric acid to pH < 2. Method was drawn from South Dakota sampling protocols 
(SDDENR 2005). EPA = U.S. Environmental Protection Agency Method, SM = Standard 
Methods for the Examination of Water and Wastewater. 
Parameter  Unit Preservation Filtration Holding 
Time 
Method 
Total Alkalinity A 4°C None NA EPA 310.2 
Turbidity A 4°C None NA EPA180.1 
Total Suspended Solids A 4°C None 7 days SM 2540-D 
Total Dissolved Solids A 4°C None 7 days SM 2540-C 
Total Ammonia B H2SO4, 4°C None 28 days EPA 350.1 
Total Nitrate B H2SO4, 4°C None 28 days EPA 353.2 
Total Kjeldahl Nitrogen B H2SO4, 4°C None 28 days EPA 351.2 
Total Phosphorus B H2SO4, 4°C None 28 days EPA 365.2 
Dissolved Sodium C HNO3, 4°C Yes 6 mo. EPA 273.1 
Dissolved Calcium C HNO3, 4°C Yes 6 mo. EPA 215.1 
Dissolved Magnesium C HNO3, 4°C Yes 6 mo. EPA 242.1 
Dissolved Fluoride C HNO3, 4°C Yes 28 days SM 4500-F C 
Dissolved Sulfate D 4°C Yes 28 days EPA 375.2 
Dissolved Chloride D 4°C Yes 28 days SM 4500-C102B 
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Table 3-2. Listing of watershed metrics included in random forest modeling, definitions, 
and ranges and means of values for each level III ecoregion. Unless specified, metrics are 
calculated across the entire watershed delineated for a given sampling site (USEPA 
2004b). 
Metric Definition NGP NWGP 
HumUse % All human land use 28 - 100 (x̅ = 77) 0.3 - 52 (x̅ = 15) 
PasHay % Pasture/hay land use 0 - 83 (x̅ = 31) 0 - 19 (x̅ = 3) 
StrmXDens # Stream crossings per km stream 0 - 1.8 (x̅ = 0.5) 0 - 0.9 (x̅ = 0.2) 
HerbRip30 % Riparian herbaceous cover (30m) 0 - 95 (x̅ = 29) 16 - 95 (x̅ = 74) 
Barren % Natural barren ground 0 - 0.4 (x̅ = 0.1) 0 - 3.7 (x̅ = 0.3) 
PCTIA % Impervious land cover 0.4 - 7.6 (x̅ = 1.4) 1.3 - 3.6 (x̅ = 2) 
DevRip30 % Urban/developed land cover 0 - 3.2 (x̅ = 0.4) 0 - 10.4 (x̅ = 1.4) 
N_Load Nitrogen loading (kg/ha/yr) 2.2 - 7.4 (x̅ = 5.1) 0.3 - 2.6 (x̅ = 1.1) 
TotHerb % Herbaceous cover 0.2 - 69 (x̅ = 21) 19 - 97 (x̅ = 74) 
CultRip30 % Riparian cultivated cropland (30m) 0 - 79 (x̅ = 12) 0 - 28 (x̅ = 6) 
WCS Watershed Condition Score 8-83 (x̅ = 36) 1-95 (x̅ = 58) 
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Table 3-3. Hydrologic indices calculated for seven NWGP sites. Index name and 
definition are given. C.V = coefficient of variation, d.f. = daily flow(s), / = divided by, 
notes in parentheses refer to the starting criteria for a low/high flow event, Q1 = first 
quartile, Q3 = third quartile, all years = 2009 through 2015 water years, season = period 
between first and last sampling date of each year, sampling years = 2014 and 2015 water 
years. 
Index Definition 
Interannual Variability C.V. mean d.f.; all years 
Seasonal Variability C.V. season mean d.f. values, averaged for sampling years 
Monthly C.V. C.V. monthly mean flows; all years 
Spread of Daily Values Ratio of 20th/80th percentiles all d.f./median d.f.; all years 
Low Pulse C.V. C.V. # low pulse events each year (d.f. < 1st quartile all d.f.) 
Frequency of Low Spells Total # low spells (d.f. < 5% mean all d.f.)/# years 
Mean # High Events (3x) Mean # high events (d.f. > 7x median all d.f.); all years 
Mean # High Events (7x) Mean # high events (d.f. > 3x median all d.f.); all years 
Low Pulse Duration C.V. C.V. mean duration low pulses; all years (d.f. < Q1 all d.f.) 
High Pulse Duration C.V. C.V. mean duration high pulses; all years (d.f. > Q3 all d.f.) 
 
 
 
 
 
 
 
 
 
 
 
 
74 
 
 
Table 3-4. List of modeling results for biological measures. The best model for each 
given response variable is shown and the components listed. % = percent variation 
explained by the model; IBI = index of biotic integrity score; POETRch = generic 
richness of Plecoptera, Odonata, Ephemeroptera, and Trichoptera; NumFam = family 
richness, NInsRch = generic richness of non-insects; RchCF = generic richness of 
collector-filterer taxa; HBI = Hilsenhoff Biotic Index; %Clb = % abundance climbing 
taxa; %Ins = % abundance insects; TriRch = generic richness of Trichoptera; SAR = 
sodium adsorption ratio; Disch = discharge at time of sampling (cms); RiffLgth = total 
length of riffles; Grav = % gravel substrate; LgSubs = % cobble or boulder substrate; DO 
= dissolved oxygen (mg/L); TKN = total Kjeldahl nitrogen (mg/L); Cond = specific 
conductance (uS/cm); Wtemp = water temperature (°C); CanCov = % total canopy cover; 
BkVeg = % bank vegetated; RunNo = number of runs; PoolNo = number of pools, Sand 
= % sand substrate; Fines = % clay, silt, or sand substrate; TP = total phosphorus (mg/L); 
TSS = total suspended solids (mg/L); WD = ratio of bankfull width to bankfull depth.  
Variable % Model Components 
IBI 46 SAR, Cond, RiffLgth, Fines, Grav, Disch 
NInsRich 56 BkVeg, DO, SAR, TP, TSS, Turbidity, RunNo, Cond, WD, TKN, PoolNo, Clay 
POETRch 42 Disch, SAR, RiffLgth, TKN, Grav, LgSubs, Wtemp, Cond, CanCov, Width, DO 
NumFam 38 BkVeg, Cond, SAR, RunNo, Wtemp, RiffLgth, Disch, PoolNo, Sand, pH, Fines 
RchCF 34 SAR, Disch, RiffLgth, Cond, LgSubs, PoolNo, WD, RunNo, Fines, CanCov 
TriRich 47 Disch, RiffLgth, Grav, SAR, LgSubs, pH, TKN, DO, RunNo, Wtemp 
%Ins 44 BkVeg, TP, DO, Wtemp, LgSubs, Grav, LWD, Width 
HBI 36 Disch, DO, LgSubs, SAR, Grav 
%Clb 17 Sand, Cond, RunNo, SAR, Disch, TKN 
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Table 3-5. Modeling results for in-stream physical/chemical variables. Results are shown 
for modeling done with and without regional variables. The components of the best 
model for each response variable are listed. %Var = % variation explained by the model. 
1 = Barren; 2 = CultRip30; 3 = DevRip30; 4 = HerbRip30; 5 = HumUse; 6 = N_Load; 7 
= PasHay; 8 = PCTIA; 9 = StrmXDens; 10 = TotHerb; 11 = WCS; 12 = level III 
ecoregion; 13 = level IV ecoregion; 14 = river basin. Abbreviations defined as in Tables 
3-2 and 3-4. 
 Without Regional variables With Regional variables 
Variable %Var Model Components %Var Model Components 
BkVeg 25 1, 6, 11, 5, 10 30 1, 6, 11, 13, 5 
CanCov 15 8, 3, 7, 1 12 8, 7, 14, 13, 6 
Clay 1 7, 6, 3, 5, 10, 8, 9 38 13, 14 
Cond 21 6, 5, 8, 10, 11 42 13, 8, 14 
Discharge 39 4, 5, 1, 10, 7, 6 41 4, 1, 5, 13, 10, 7, 3, 6 
DO 29 5, 6, 7, 11, 3, 1 31 5, 7, 11, 3, 1, 6, 12 
Fines 4 9, 8, 4 5 14, 10, 2, 1 
Grav -6 9, 4, 1, 10, 7, 2, 3, 11 5 14, 7, 1, 9, 11 
LgSubs 2 7, 4, 10 5 2, 3, 10, 6, 5, 4, 11, 1, 7, 14, 13 
LWD 9 8, 3 9 8, 3 
pH 20 1, 9, 4, 10 17 1, 9, 14, 4, 10, 13, 6, 3, 8, 2 
PoolNo 21 6, 5, 3, 10, 8, 9 24 6, 12, 5, 3, 9 
RiffLgth 4 10, 6, 5, 7, 4, 3, 2, 8 6 10, 5, 6, 7, 8, 2, 4, 14, 3, 11, 12 
RunNo 32 6, 5, 10, 11, 4, 9 32 6, 10, 5, 4, 11, 8, 13, 14, 9 
Sand -3 6, 10, 5, 4, 9 27 13, 14, 6 
SAR 28 10, 4, 7, 2, 3 76 13 
TKN 22 5, 11, 6, 8, 7, 10, 4, 9, 2, 3 47 5, 13, 14 
TP 19 5, 6, 4, 10, 11, 8 26 5, 6, 8, 10, 13, 11, 4, 12, 14 
TSS -10 6, 5, 10, 7, 8 -5 10, 6, 5, 11, 7 
Turbidity 25 7, 4, 10 28 14, 6, 10 
WD 1 1, 10, 6, 9, 5, 4, 11 7 9, 13, 1 
Width 22 1, 10, 6, 7, 4, 11, 9 22 1, 10, 6, 4, 11, 7, 9 
Wtemp -5 5, 11, 1, 10 -3 11, 4, 5, 8, 1, 10, 9 
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Table 3-6. Summary of relationship types for each set of models as determined from 
partial dependence plots. Values indicate the percentage of partial dependence plots 
exhibiting a specific relationship type. Relationship type indicates the broad pattern of the 
partial dependence plot. Model set lists the response variables for each set of models run. 
N = total number of relationships, Pos = positive, Neg = negative, U = U-shaped, Bell = 
bell-shaped or inverted U-shaped, Other = plot does not fit general pattern of linear, 
curvilinear, or U-shaped. Graphics in the table show the general trend(s) of plots 
classified as that relationship type. 
  Relationship Type (% of plots) 
  Linear Curvilinear U-shaped Other 
  Pos Neg Pos Neg U Bell  
Model Set N        
Biotic 79 8.9 7.6 34.2 35.4 1.3 5.1 7.6 
Abiotic without regions 125 4.0 0.8 24.8 16.8 7.2 2.4 44.0 
Abiotic with regions 128 3.9 5.5 19.5 14.1 6.3 3.1 47.7 
 
 
 
 
 
 
 
 
77 
 
 
Figures 
 F
ig
u
re
 3
-1
. 
P
ar
ti
al
 d
ep
en
d
en
ce
 p
lo
ts
 g
en
er
at
ed
 b
et
w
ee
n
 I
B
I 
sc
o
re
s 
an
d
 t
h
e 
si
x
 i
n
-s
tr
ea
m
 h
ab
it
at
 v
ar
ia
b
le
s 
id
en
ti
fi
ed
 i
n
 t
h
e 
fi
n
al
 I
B
I 
m
o
d
el
. 
O
rd
er
ed
 b
y
 i
m
p
o
rt
an
ce
 f
ro
m
 t
o
p
 l
ef
t 
to
 b
o
tt
o
m
 r
ig
h
t,
 t
h
es
e 
si
x
 v
ar
ia
b
le
s 
ex
p
la
in
 
4
6
%
 o
f 
v
ar
ia
ti
o
n
 i
n
 I
B
I 
d
at
a.
 R
u
g
 p
lo
ts
 a
t 
b
o
tt
o
m
 o
f 
ea
ch
 i
n
d
ic
at
e 
th
e 
d
is
tr
ib
u
ti
o
n
 o
f 
th
e 
d
at
a 
in
 d
ec
il
es
. 
78 
 
 
 
F
ig
u
re
 3
-2
. 
D
ri
v
er
 p
at
h
w
ay
s 
d
ev
el
o
p
ed
 u
si
n
g
 r
an
d
o
m
 f
o
re
st
 m
o
d
el
in
g
. 
L
in
e 
th
ic
k
n
es
s 
in
d
ic
at
es
 t
h
e 
re
la
ti
v
e 
im
p
o
rt
an
ce
 o
f 
ea
ch
 
p
re
d
ic
to
r:
 v
al
u
es
 b
el
o
w
 t
h
e 
3
3
rd
 p
er
ce
n
ti
le
 o
f 
al
l 
v
al
u
es
 a
re
 s
h
o
w
n
 w
it
h
 t
h
e 
th
in
n
es
t 
li
n
e,
 b
et
w
ee
n
 t
h
e 
3
3
rd
 a
n
d
 6
6
th
 p
er
ce
n
ti
le
s 
w
it
h
 a
 
m
ed
iu
m
 l
in
e,
 a
n
d
 a
b
o
v
e 
th
e 
6
6
th
 p
er
ce
n
ti
le
 w
it
h
 t
h
e 
th
ic
k
es
t 
li
n
e.
 T
h
e 
ce
n
tr
al
 d
o
tt
ed
 l
in
e 
se
p
ar
at
es
 N
W
G
P
 a
n
d
 N
G
P
 m
et
ri
cs
. 
A
b
b
re
v
ia
ti
o
n
s 
as
 i
n
 T
ab
le
s 
3
-2
 a
n
d
 3
-4
. 
79 
 
 
 F
ig
u
re
 3
-3
. 
C
lu
st
er
 d
en
d
ro
g
ra
m
 s
h
o
w
in
g
 t
h
e 
ei
g
h
t 
id
en
ti
fi
ed
 g
ro
u
p
s 
(s
y
m
b
o
ls
) 
an
d
 t
h
ei
r 
b
re
ak
d
o
w
n
 b
y
 l
ev
el
 I
II
 e
co
re
g
io
n
 
(c
o
lo
r)
. 
T
h
e 
d
en
d
ro
g
ra
m
 w
as
 s
ca
le
d
 u
si
n
g
 a
n
 o
b
je
ct
iv
e 
fu
n
ct
io
n
. 
A
p
p
ro
x
im
at
el
y
 3
0
%
 o
f 
in
fo
rm
at
io
n
 w
as
 r
et
ai
n
ed
 a
t 
th
e
 
d
is
ta
n
ce
 w
h
er
e 
th
e 
ei
g
h
t 
g
ro
u
p
s 
w
er
e 
d
ef
in
ed
. 
80 
 
 
 
Figure 3-4. Nonmetric multidimensional scaling plot. Symbols correspond to the eight 
biologically-similar groups delineated by the cluster analysis. Groups 1 through 3 are 
dominated by sites from the NGP ecoregion, while groups 4 through 8 are dominated by 
sites from the NWGP ecoregion. Vectors indicate abiotic variables with R2 values of 0.2 
or greater. Axis one explains 16% of the variation in the data, while axis two explains 
45%. 
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APPENDIX 3-1 
List of physical and chemical measurements taken in the field, the unit of measurement, 
and the location or locations in the sampling reach where the measurement was taken. 
Bolded rows indicate measurements included in the random forest modeling. 
Measurement Unit Location of Measurement 
Preliminary Mean Stream Width m 10 equidistant points along stream, averaged 
Reach Length m 30x preliminary mean stream width 
Number of Pools Count Entire Reach 
Number of Runs Count Entire Reach 
Number of Riffles Count Entire Reach 
Riffle Length m Entire Reach, sum 
Water Temperature °C Upstream of reach 
Conductivity uS/cm@25°C Upstream of reach 
Dissolved Oxygen mg/L Upstream of reach 
Alkalinity mg/L Upstream of reach 
Air Temperature °C Upstream of reach 
pH s.u. Upstream of reach 
Turbidity NTU Upstream of reach 
Water Surface Slope degrees Entire Reach 
Stream Discharge cms Transects 1, 6, and 11, averaged 
Flood Prone Width m Transects 1-11 
Bankfull Width m Transects 1-11 
Channel Bottom Width m Transects 1-11 
Stream Width m Transects 1-11 
Entrenchment Ratio Ratio Transects 1-11 
Width/Depth Ratio Ratio Transects 1-11 
Clay % Transects 1-11 
Silt % Transects 1-11 
Sand % Transects 1-11 
Fines % Sum of clay, silt, and sand 
Very Fine Gravel % Transects 1-11 
Fine Gravel % Transects 1-11 
Medium Gravel % Transects 1-11 
Coarse Gravel % Transects 1-11 
Very Coarse Gravel % Transects 1-11 
Gravel % Sum of five gravel classes listed above 
Cobble % Transects 1-11 
Large Cobble % Transects 1-11 
Boulder % Transects 1-11 
Large Substrates % Sum of cobble, large cobble, and boulder 
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Appendix 3-1 continued 
Measurement Unit Location of Measurement 
Large Woody Debris Count Entire Reach 
Bank Height 0.1 m Transects 1-11, each bank, averaged 
Bank Angle degrees Transects 1-11, each bank, averaged 
Length of Bank Vegetated % Transects 1-11, each bank, averaged 
Length of Bank Eroded % Transects 1-11, each bank, averaged 
Length of Bank Deposition % Transects 1-11, each bank, averaged 
Riparian Buffer Width m Transects 1-11, each bank, averaged 
Overhanging Vegetation % Transects 1-11, each bank, averaged 
Undercut Bank % Transects 1-11, each bank, averaged 
Canopy Cover % Transects 1-11, each bank and 4 ways center 
Riparian Vegetation Type Class Transects 1-11, each bank 
Riparian Land Use Class Transects 1-11, each bank 
Animal Vegetation Use Class Transects 1-11, each bank 
Submergent Macrophytes m Transects 1-11, between transects 
Emergent Macrophytes m Transects 1-11, between transects 
Total Suspended Solids mg/L Upstream of reach 
Total Dissolved Solids mg/L Upstream of reach 
Total Ammonia mg/L Upstream of reach 
Total Nitrate mg/L Upstream of reach 
Total Kjeldahl Nitrogen mg/L Upstream of reach 
Total Phosphorus mg/L Upstream of reach 
Dissolved Sodium mg/L Upstream of reach 
Dissolved Calcium mg/L Upstream of reach 
Dissolved Magnesium mg/L Upstream of reach 
Dissolved Fluoride mg/L Upstream of reach 
Dissolved Sulfate mg/L Upstream of reach 
Dissolved Chloride mg/L Upstream of reach 
Sodium Adsorption Ratio Ratio Upstream of reach, ratio Na+ to Ca+2 & Mg+2 
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APPENDIX 3-2 
Lists of the level III and level IV ecoregions and river basins, their symbols, the values 
used in the random forest modeling, and the number of study sites within each region. 
Level III Ecoregion Symbol Value # Sites 
Northern Glaciated Plains NGP 1 31 
Northwestern Great Plains NWGP 2 65 
    
Level IV Ecoregion Symbol Value # Sites 
Missouri Plateau 43a 1 5 
River Breaks 43c 2 15 
Sagebrush Steppe 43e 3 5 
Subhumid Pierre Shale Plains 43f 4 7 
Semiarid Pierre Shale Plains 43g 5 14 
White River Badlands 43h 6 3 
Keya Paha Tablelands 43i 7 7 
Moreau Prairie 43j 8 9 
Drift Plains 46i 9 4 
Prairie Coteau 46k 10 2 
Prairie Coteau Escarpment 46l 11 1 
Big Sioux Basin 46m 12 7 
James River Lowland 46n 13 14 
Minnesota River Prairie 46o 14 3 
    
River Basin Value # Sites 
Bad 1 6 
Belle Fourche 2 6 
Big Sioux 3 8 
Cheyenne 4 9 
Grand 5 17 
James 6 16 
Minnesota 7 5 
Missouri 8 5 
Moreau 9 6 
Niobrara 10 3 
Vermillion 11 2 
White 12 13 
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CHAPTER 4: CONCLUSIONS 
Objectives and Results 
This project sought to develop an optimized macroinvertebrate IBI for perennial, 
wadeable streams of the NWGP ecoregion of South Dakota (Chapter 2). In addition, 
component metrics of the NGP and NWGP IBIs were compared and differences in IBI 
scores were evaluated among level IV ecoregions within each level III ecoregion. The 
NWGP and NGP IBIs were expected to significantly differ in over half the component 
metrics, and all metrics comprising each IBI differed. This indicated that the two 
ecoregions differ biologically, as identical methods were used to sample, process, and 
analyze the macroinvertebrate assemblages in each ecoregion. The two IBIs displayed a 
similar range of scores and successfully differentiated between impaired and non-
impaired sites. No significant differences in IBI scores could be detected among level IV 
ecoregions for either the NWGP or NGP. 
 This project also sought to identify the most influential statewide in-stream 
drivers of biotic integrity and evaluate the importance of regions in predicting in-stream 
driver values (Chapter 3). Drivers associated with cultivation were expected to be most 
influential in the NGP, while drivers related to rangeland and soil erosion were expected 
to be most influential in the NWGP. Regional variables were predicted to be important 
for determining in-stream habitat. Cluster analysis and NMDS results indicated distinct 
separation between NGP and NWGP macroinvertebrate assemblages. Nitrogen loading, 
human use, and pasture/hay were more positively correlated with NGP sites and riparian 
and watershed herbaceous cover and turbidity more positively correlated with NWGP 
sites. These results aligned with the hypothesized major drivers for each level III 
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ecoregion. Random forest modeling indicated that IBI scores were related to salinity, 
specific conductance, total riffle length, gravel and fine substrates, and stream discharge 
at the time of sampling. However, variation in each of the component IBI metrics was 
explained by a unique number and combination of drivers. Identified drivers of 
component metrics included measures of substrates, stream discharge, salinity, total 
length of riffles, specific conductance, nutrient concentrations, dissolved oxygen, 
turbidity, suspended solids, channel morphology, and bank vegetation. This knowledge 
may assist in causal analysis, by allowing managers to evaluate changes in individual 
metrics as well as overall IBI scores and determine which aspects of biotic integrity are 
impacted by impairment. Management and mitigation efforts can then be tailored more 
specifically to expected causes of impairment. Important drivers of in-stream habitat were 
nitrogen loading, human use, and herbaceous cover in the watershed and riparian zone. 
This falls in line with the land use gradient identified in the NMDS plot. Regional 
variables, especially level IV ecoregion and river basin, improved models of in-stream 
habitat and were also found to be associated with different responses in in-stream habitat. 
  
Implications for Biological Assessments in South Dakota 
 The United States Environmental Protection Agency (US EPA) has encouraged 
the development of biological monitoring and assessment tools by state water resource 
agencies (USEPA 1987a). In addition, states have been encouraged to link the new 
biological tools to existing physical and chemical assessments (USEPA 1987b). In 
response, South Dakota developed a narrative statement to protect the biological integrity 
of waters, and has used beneficial use assessment to meet Clean Water Act requirements 
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and protect aquatic life uses (SDDENR 2016, USEPA 2017). However, no numeric 
biological criteria had been defined and the use of biological assemblages in impairment 
decisions was limited to the NGP ecoregion and the IBI developed by the previous study 
(Bertrand and Troelstrup 2013, USEPA 2017). As a result of this project, South Dakota 
state water resource managers have an expanded biological assessment toolbox with 
regional IBIs for perennial, wadeable streams across 80% of the state. Random forest 
modeling results also demonstrate that statewide biotic integrity is related to salinity and 
specific conductance, and that component IBI metrics are also related to total suspended 
solids, dissolved oxygen, and water temperature. These stream characteristics are 
important stressors identified by the South Dakota DENR as part of beneficial use 
assessment for the state (SDDENR 2016). This project has nearly fulfilled US EPA 
recommendations by helping develop tools for state biological assessments and linking 
them to current physical and chemical assessments. 
 Another major implication of this study for water resource managers of South 
Dakota is the importance of regional stratification in monitoring and assessments, as 
shown by the analyses conducted in this study. Macroinvertebrate assemblages appear to 
differ by level III ecoregion as a result of the land use gradient that distinguishes the NGP 
from the NWGP. Level IV ecoregion and river basins were important correlates of in-
stream habitat. For State water resource managers, this indicates that biological 
assessments in South Dakota should be conducted separately between level III ecoregions 
and take into account level IV ecoregion and river basin differences in abiotic 
characteristics. As further data is collected, a network of sites in reference or least 
87 
 
 
disturbed condition should be developed in each level III ecoregion and used to re-
evaluate differences between level IV ecoregions (Stoddard 2005, MPCA 2014). 
 This study also provides managers with baseline information and visualizations of 
expected interactions between measures of biotic integrity and in-stream habitat, and 
between in-stream habitat and watershed characteristics and regions in perennial, 
wadeable streams of South Dakota. Managers now have a means of evaluating the current 
condition of these streams and detecting impairment, and a method to evaluate 
differences in condition. Overall, this study supplies water resource managers in South 
Dakota with new tools to evaluate biotic integrity of stream systems and identify drivers 
and pathways of biological impairment. The NGP IBI is already in use by SD DENR for 
assessments and undergoing continual calibration (SDDENR 2016); the NWGP IBI 
developed here will likewise be adopted. 
 
Implications for the North American Great Plains 
 The results of this study fit within the broader patterns and drivers of biotic 
integrity in the Great Plains. The finding of different component IBI metrics in individual 
ecoregions is consistent with work done in Minnesota and Wyoming (Hargett 2011, 
MPCA 2014). Individual IBI metrics were generally consistent with those found 
elsewhere in the central United States (Griffith et al. 2005, Weigel and Dimick 2011, 
Larsen 2013, MPCA 2014), although the combination of metrics remains unique to each 
ecoregion. This study also highlighted a major land use gradient driven by changes in 
herbaceous cover, human use, and nitrogen loading, which corresponded to a shift from 
rangeland/grassland to cultivated agriculture. These landscape drivers coincide with the 
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major types of land use/land cover in the Great Plains (Taylor, J.L. et al. 2015), which are 
in turn known to affect water quality and aquatic and terrestrial biodiversity (Allan 2004, 
Foley et al. 2005, Lenhart et al. 2011, Newbold et al. 2015, Tanaka et al. 2016). 
 Results of this effort contribute to assessment and management elsewhere in the 
Great Plains. Data collected in this study improve general knowledge of prairie stream 
macroinvertebrate assemblages and the response of biotic and abiotic aspects stream 
components to natural and anthropogenic pressures, which are areas of concern for water 
resource managers (Matthews 1988, Mullen et al. 2011, Roberts et al. 2016). A total of 
222 taxa representing 201 genera and 80 families were identified in this study. Voucher 
specimens have been submitted to the South Dakota Aquatic Invertebrate Collection 
housed at South Dakota State University to supplement sparse records west of the 
Missouri River. The importance of ecoregions and river basins as drivers of biotic 
integrity and in-stream habitat may reflect the natural gradients in geology, precipitation, 
and temperature that define the Great Plains (Trimble 1980, Ojima et al. 2012, Basara et 
al. 2013), which in turn result in patterns of hydrology, turbidity, substrates, land use, and 
other habitat characteristics that determine the structure and composition of biotic 
assemblages (Matthews 1988, Dodds et al. 2004, Phillips et al. 2016). The present study 
indicates the need for regional stratification of biological assessment efforts in light of 
these patterns; this should be evaluated in other Great Plains states where the importance 
of stratification may not have been tested. The methods used in this study are capable of 
identifying major drivers of biotic integrity and their relationships to in-stream habitat in 
environmentally harsh prairie streams and may be applied by other water resource 
managers in the Great Plains. 
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Additional Considerations for Future Work 
 Additional work is needed to ensure that the full range of stream conditions in 
South Dakota are being evaluated. This includes extending IBI development to other 
ecoregions in the State, such as the Northwestern Glaciated Plains and the Middle 
Rockies of the Black Hills. Additionally, other abiotic variables and possible interactions 
should be evaluated. Natural gradients like precipitation, elevation, or geology might be 
incorporated into analyses of landscape drivers to more thoroughly evaluate underlying 
drivers of in-stream habitat. For instance, direct measurements of geology may improve 
substrate models. Additional anthropogenic variables should also be measured, such as 
pesticides or other toxins, as these are known to have effects on freshwater invertebrate 
biodiversity (Beketov et al. 2013).  
Finally, the tools developed here for macroinvertebrate assemblages should be 
applicable to other biological assemblages. Fish IBIs have been developed for the NGP 
(Krause et al. 2013) and the NWGP (Kaiser 2017), and statewide driver analysis can be 
conducted using the same methodology as for the macroinvertebrates. Several studies in 
stream and river systems across Iowa (Quist and Schultz 2014), Michigan (Lammert and 
Allan 1999), Colorado (Griffith et al. 2005), New York (Johnson and Ringler 2014), and 
the Southeast United States (Paller et al. 2017) have found that separate biological 
assemblages are influenced by different environmental drivers and respond differently to 
disturbance. These findings have also been reported globally in Korea (Bae et al. 2014), 
New Zealand (Clapcott et al. 2012), Germany and Austria (Dahm et al. 2013), France 
(Marzin et al. 2013), and Brazil (Tanaka et al. 2016). Taken together, multiple 
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assemblages may provide a more holistic evaluation of biotic integrity than can be 
achieved by examining only one assemblage. 
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